


Table 6 ANOVA effects test table for extractives. P-values less than 0.05 are marked with an
asterisk to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 12601.015 7.7767 0.0001*

Fungal Treatment 2 2 41342595 51.0291 <.0001*

Interaction 8 8 32956.108 10.1694 <.0001*

Table 6 shows that both substrate ratio and fungal treatment had significant effects on
extractives content of the substrate. There was also a significant interaction effect. Post hoc
analysis was used to determine which treatments had a significant impact on extractives content,

which could be used to make predictions about subsequent anaerobic digestion of the materials.

Table 7 Connecting letters report showing the results from the Tukey post hoc analysis of
extractives contents of materials in units of milligrams of extractives per gram of dry mass of
material at the various levels of substrate ratio and fungal treatment. The levels r, m, and s
correspond to no fungal treatment (raw materials), mycelium treatment (no fruiting), and spent
substrate (fungal treatment with fruiting). The levels presented as numbers correspond to the ratio
of broiler litter to wheat straw. Factors not connected by the same letters are significantly different
(p < 0.05). Letters do not signify a comparison between levels of two different factors.

Substrate Ratio Least Sq
Level Mean
25-75 A 304.6
100-0 A 297.0
50-50 A 286.8
75-25 A B 281.9
0-100 B 257.7
Fungal Treatment Least Sq
Level Mean
S A 318.8
m B 288.1
r C 250.0
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Table 7 shows that when both fungal treatment and substrate ratio are taken into account,
the extractives content of untreated materials are significantly higher than the mycelium-treated
materials, which are significantly higher than the spent substrate. Higher extractives content
could potentially lead to a higher rate of methane production by effectively decreasing the rate of
hydrolysis; extractives supply substrate that does not require hydrolysis to the microbial
community. The results regarding the effects of substrate ratio and fungal treatment on biomass
characteristics suggested that materials that had undergone fungal treatment should result in
higher methane yields and faster methane production rates upon anaerobic digestion due to a
decrease in lignin and cellulose/hemicellulose and an increase in extractives.

The potential for the production of edible mushrooms from substrate containing broiler
litter was also investigated as an alternative, potentially more profitable and sustainable use of
the waste material. This was assessed through the fungal growth experiment which involved
fruiting, during which, mushroom produced were harvested, weighed and dried to determine
biological efficiency (BE; shown in Figure 3) and yield (shown in Figure 4) of mushrooms from
each substrate. BE is defined as the wet weight of mushrooms produced divided by the dry
weight of substrate used, while yield is defined as the dry weight of mushrooms produced
divided by the dry weight of substrate used. It was found that only the substrate which contained
100% wheat straw and that which contained 25% broiler litter and 75% wheat straw were

capable of producing edible mushrooms.?

2 The substrate containing 50% broiler litter and 50% wheat straw produced some discolored and misshapen fruiting
bodies, which were judged to not be edible mushrooms.
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Figure 7 A bar plot showing the mean biological efficiencies and standard deviations for
mushroom production from the 0-100 and 25-75 substrates.

Figure 7 illustrates how the 25-75 substrate resulted in a larger average BE than the 0-100
substrate, but that there was too much variation to be a significant difference in BE. However,

this variation can be attributed to variation in moisture content of the mushrooms, which is made

apparent when looking at the mushroom yields shown in Figure 8.
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Figure 8 A bar plot showing the mean yields and standard deviations for mushroom production
from the 0-100 and 25-75 substrates.

Figure 4 shows that the yield of oyster mushrooms from the 25-75 substrate was nearly
double that of the 0-100 substrate. Also, there is much less variation in the yield compared to that
of BE, which makes the difference in yield more significant than the difference in BE. The
reason for the discrepancy between the variation in BE and yield is due to a large variation in
moisture content of the mushrooms. This shows how mushrooms can easily absorb and release
moisture depending on the environmental conditions. The large variation in moisture most likely
can be explained by the inability of the growth chamber to maintain a constant relative humidity.

This, however, should not be an issue in an industrial mushroom production facility in which
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have a higher ultimate methane yield. This is somewhat perplexing because the broiler litter
contained a higher lignin content than the wheat straw, which would suggest a lower ultimate gas
production yield for substrates containing higher amounts of broiler litter. Perhaps this could be
due to the cellulose and hemicellulose present in the wheat straw being bound by lignin and thus,
less available for hydrolysis. Comparison of Figures 11 and 12 shows that ISR has a large impact
on ultimate gas yields especially for substrates with more than 25% broiler litter. Also, the rate of
gas production was much slower at an ISR of 0.1, taking nearly twice as long for the same yields

to be reached by the 0-100 and 25-75 substrates as at an ISR of 0.821.
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Figure 12 A plot of cumulative gas production versus time resulting from the anaerobic digestion
of spent substrate at an ISR of 0.821. A second-degree polynomial was fit to gas production data
for each substrate ratio to show the general trends of gas production.
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Figure 12 shows that the anaerobic digestion of spent substrate resulted in very similar
initial gas production curves for the 0-100, 25-75, and 100-0 substrates. However, gas production
for the 25-75 and 100-0 substrates began to slow towards of the end of the experiment while that
for the 0-100 substrate remain quite constant. Also, although the 75-25 substrate initially out-
performed the 50-50 substrate, gas production for the 50-50 substrate surpassed that for the 75-
25 substrate the overall trend of the gas production from the 50-50 substrate was concave-up;

meaning, the rate was still increasing towards the end of the experiment.
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Figure 13 A plot of cumulative gas production versus time resulting from the anaerobic digestion
of mycelium-treated materials at an ISR of 0.821. A second-degree polynomial was fit to gas
production data for each substrate ratio to show the general trends of gas production.
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Figure 13 shows that the anaerobic digestion of mycelium-treated materials resulted in
gas production curves from the 25-75, 75-25, and 100-0 substrates being quite similar, but with
the 25-75 substrate having a slightly steeper slope that the other two. The 0-100 substrate had the
steepest gas production curve but had slowed to a rate of approximately zero by the end of the
experiment. The 50-50 substrate had the slowest initial rate, but had reached a cumulative gas
production similar to that of the 100-0 substrate by the end of the experiment. The general trend
for the 50-50 substrate was also concave-up, signifying an increasing gas production rate.

Analysis of the gas production curves shows that ISR, substrate ratio, and fungal
pretreatment could all have potential impacts on yields. The significance of the impacts of ISR
on yield seemed apparent; however, the rate at which this yield was attained was also a factor.
The effects of substrate ratio and fungal pretreatment on yields were less apparent. Thus,
statistical analyses were performed on 45-day yields resulting from each experiment in order to

determine which factors had significant impacts and the extent of these impacts.
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Figure 14 A bar plot showing methane yields resulting from the anaerobic digestion batch
experiments for all materials that were digested throughout the course of the project. Methane
yields are expressed in terms of volume of methane produced divided by the initial mass of volatile
solids introduced. Bars are distinguished by either fungal treatment or ISR through color and
pattern. Error bars are constructed using one standard deviation from the mean.

One result from the anaerobic digestion experiments that is most apparent in Figure 14 is
that ISR had a significant effect on methane yields. The results from a two-way ANOVA and
post hoc analysis of yields resulting from only the untreated materials at the two different ISR’s
with the factors being ISR and substrate ratio show that both ISR and substrate ratio had
significant effects on methane yield with yields resulting from an ISR of 0.821 being
significantly higher than those from an ISR of 0.1 and yields from the 0-100 and 25-75 substrate
ratios being significantly higher than all others. There were also significant interaction effects

between the two factors. These results are also expressed in Table 8 and Table 9.
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Table 8 ANOVA effects test table for methane yields of materials not treated by fungus and
digested at the two different ISR’s of 0.1 and 0.821. P-values less than 0.05 are marked with an
asterisk to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4  18536.36 7.2744 0.0006*

ISR 1 1 155529.96 244.1454 <.0001*

Interaction 4 4 22509.50 8.8337 0.0002*

Table 8 shows that both substrate ratio and ISR had significant effects on methane yields of the
raw materials. There was also a significant interaction effect. After it was found that the
ANOVA test for substrate ratio and ISR as factors of methane yield showed significance. Post
hoc analysis was used to determine which levels of each factor were significantly different from

one another (shown in Table 9).

Table 9 Connecting letters report showing the results from the Tukey post hoc analysis of methane
yields for raw materials digested in units of milliliters of methane produced per gram VS of
substrate at the various levels of substrate ratio and ISR. Factors not connected by the same letters
are significantly different (p < 0.05). Letters do not signify a comparison between levels of two
different factors.

Substrate Ratio Least Sq
Level Mean
0-100 A 154.5
25-75 A B 148.0
100-0 B C 112.1
75-25 C 104.9
50-50 C 94.09
ISR Least Sq
Level Mean
0.821 A 192.9
0.1 B 52.54
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Table 9 shows that when both ISR and substrate ratio are taken into account, yields
resulting from 0-100 and 25-75 substrates were significantly higher than those for the 75-25 and
50-50 substrates. The 100-0 substrate (100% broiler litter), however, was only significantly
lower than the 0-100 substrate (100% wheat straw). Also, the table shows that yields resulting
from an ISR of 0.821 were significantly higher than yields resulting from an ISR of 0.1.

The results regarding the effects of ISR on methane yields were to be expected because
they conform to established concepts related to anaerobic digestion. As ISR increases, the
inhibitory effects of intermediates such as ammonia and VFA’s becomes less pronounced
because the material as a whole is composed of less substrate at a higher ISR, and thus, the
substrate has less influence on the chemical environment of the microbial community. Also,
from the kinetics perspective, a lower ISR implies a lower biomass concentration, which lowers
the reaction rate for methane formation. Although this set of statistical analyses showed
significantly higher yields for the 0-100 and 25-75 substrate ratios, this is mainly due to the
results from the lower ISR experiment. Results from the statistical analyses of the higher ISR
experiment differ.

A two-way ANOVA was performed on all yields resulting from the anaerobic digestion
experiment which involved an ISR of 0.821 with substrate ratio and fungal treatment being the
two factors. The results from this set of analyses are shown in Table 10 and Table 11. Results
from these statistical analyses show that both substrate ratio and treatment had significant effects
on methane yields. The 0-100 substrate resulted in significantly higher yields than all other
substrate ratios, all of which were not significantly different from one another. It was also found

that the mycelium treatment had no effect on methane yields and spent substrate exhibited
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significantly lower yields compared to the untreated material in spite of the two fungal-treated

materials having a significantly lower lignin content.

Table 10 ANOVA effects test table for methane yields of raw and fungal-treated materials digested
at an ISR of 0.821. P-values less than 0.05 are marked with an asterisk to show significance of the
effects of the corresponding factor.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 16379.852 12.8263 <.0001*

Fungal Treatment 2 2 5824.341 9.1216 0.0009*

Interaction 8 8 8413.103 3.2940 0.0089*

Table 10 shows that both substrate ratio and fungal treatment had significant effects on
methane yield. There was also a significant interaction effect. After significant effects of
substrate ratio and fungal treatment on methane yields were established, post hoc analysis was
performed to determine which levels of each factor were significantly different (shown in Table

11).
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Table 11 Connecting letters report showing the results from the Tukey post hoc analysis of
methane yields for raw and fungal-treated materials digested at an ISR of 0.821 in units of
milliliters of methane produced per gram VS of substrate at the various levels of substrate ratio
and fungal treatment. The levels r, m, and s correspond to no fungal treatment (raw materials),
mycelium treatment (no fruiting), and spent substrate (fungal treatment with fruiting). The levels
presented as numbers correspond to the ratio of broiler litter to wheat straw. Factors not connected
by the same letters are significantly different (p < 0.05). Letters do not signify a comparison
between levels of two different factors.

Substrate Ratio Least Sq
Level Mean
0-100 A 219.9
25-75 B 186.5
100-0 B 185.2
75-25 B 169.2
50-50 B 165.3
Fungal Treatment Least Sq
Level Mean
m A 193.9
r A 192.9
S B 168.9

Table 11 shows that when both fungal treatment and substrate ratio are taken into
account, yields resulting from the 0-100 substrate were significantly higher than those for all
other substrate ratios, the rest of which were not significantly different from each other. The
table also shows how vyields resulting from substrates treated by fungus with fruiting (spent
substrate or s) were significantly lower than those for materials treated by mycelium only and for
raw materials.

These results do not support the initial hypothesis that lowering lignin content of the
substrate would lead to higher methane yields. This is believed to be due to other effects that
fungal treatment can have on a material that make the material less suitable as a substrate for
anaerobic digestion. This is believed to be related with the changes in the portions of the various
nitrogen species present in the material caused by fungal treatment, which will be discussed in

the next section.
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3-3  Chemical Analyses

COD, TN, nitrate, ammonia, TKN, TP, and pH of cold extracts were analyzed for the
materials being studied. However, TN, nitrate, TKN, and TP were only measured on the raw
waste materials, spent substrate, inoculum, and materials digested with an ISR of 0.821. Figure
15 shows the nitrogen species contents for the materials measured and Figure 16 shows TP.
Also, pH was not measured on extracts for the materials treated with fungus. It was found that all
digested materials had a pH in the neutral range except for the substrate ratios 50-50, 75-25, and
100-0 that were digested at an ISR of 0.1. The acidification of these materials indicates that
materials containing more than 25% broiler litter may not be suitable for digestion, especially at

high loading rates corresponding to an ISR of 0.1
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Figure 15 A bar plot showing concentration of various soluble nitrogen species as a portion of
biomass including sludge used for inoculum (S). Organic nitrogen was calculated by subtracting
ammonia from TKN and bars with negative values may be assumed to be zero. The labels md, n,
rd, S, and sd represent digested and mycelium-treated material, no treatment (raw material),
digested raw material, sludge (inoculum), and digested spent substrate.

As illustrated in Figure 15 and confirmed using a two-way ANOVA and post hoc
analysis of various nitrogen concentrations with treatment (fungus and anaerobic digestion) and
substrate ratio being the two factors, it was found that total soluble nitrogen was significantly
increased by both fungal treatment and digestion. However, TN was not significantly increased
upon digestion of spent substrate, signifying that most nitrogen species were already made
soluble by the fungal treatment with fruiting. Results for the statistical analysis of TN are shown
in Table 11 and Table 12.
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Another thing to note from Figure 15 is that some of the materials containing higher levels

of broiler litter had TN and ammonia levels that were comparable and in some cases higher than

those for the inoculum, meaning more nitrogen was released into the environment than what was

initially present in the healthy inoculum. This could indicate that if a digester were designed to

fed materials with more than 25% broiler litter, measures would have to be taken to prevent t

be

he

buildup of ammonia in the reactor which could potentially result in reactor failure due to inhibition

of methanogenesis by ammonia.

Table 12 ANOVA effects test table for TN contents of raw and fungal-treated materials before
and after being digested at an ISR of 0.821. P-values less than 0.05 are marked with an asterisk
to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 1536.2092 28.5578 <.0001*

Fungal Treatment 4 4 1240.7426  23.0651 <.0001*

Interaction 16 16 1401.7655  6.5146 <.0001*

Table 12 shows that both substrate ratio and fungal treatment had significant effects on
TN. There was also a significant interaction effect. After it was found that both substrate ratio
and fungal treatment had significant effects on TN, a post hoc analysis was performed to
determine which levels of each factor were significantly different from one another in order to

draw further conclusions.
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Table 13 Connecting letters report showing the results from the Tukey post hoc analysis of TN
contents for raw and fungal-treated materials before and after being digested at an ISR of 0.821
in units of milligrams of TN per gram of dry matter of substrate at the various levels of substrate
ratio and fungal treatment. The levels rd, md, and sd correspond to digested raw material,
digested mycelium-treated material (no fruiting), and digested spent substrate (fungal treatment
with fruiting), respectively. The levels r and s correspond to materials not treated by fungus (raw
materials) and spent substrate before digestion. The levels presented as numbers correspond to
the ratio of broiler litter to wheat straw. Factors not connected by the same letters are
significantly different (p < 0.05). Letters do not signify a comparison between levels of two
different factors.

Substrate Ratio Least Sq
Level Mean
100-0 A 13.50
75-25 A B 11.09
50-50 B 10.14
25-75 C 6.571
0-100 C 4.052
Fungal Treatment Least Sq
Level Mean
rd A 13.88
md B 10.43
sd B 8.473
S B 8.433
r C 4.141

Table 13 shows that when both fungal treatment and substrate ratio are taken into
account, TN increases progressively as the portion of broiler litter in the substrate increases.
Also, although extracts of the spent substrate had a higher TN content than that for the raw
material before digestion, that for the digested raw material was significantly higher than those
for the digested fungal-treated material, which were not significantly higher than that for the
spent substrate before digestion.

Also, ammonia was significantly increased upon digestion, and both ammonia and TN
levels for the materials not treated by fungus and digested at an ISR of 0.821 were significantly

higher than those for materials that had undergone fungal pretreatment; results for the statistical
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analysis of ammonia are shown in Table 14 and Table 15. This could signify that the fungal-
treated materials had been digested to a lesser extent than the raw materials.
Table 14 ANOVA effects test table for ammonia contents of raw and fungal-treated materials

before and after being digested at an ISR of 0.821. P-values less than 0.05 are marked with an
asterisk to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 1173.5237 29.7523 <.0001*

Fungal Treatment 4 4 22255923 56.4253 <.0001*

Interaction 16 16 954.7447 6.0514 <.0001*

Table 14 shows that both substrate ratio and fungal treatment had significant effects on

ammonia. There was also a significant interaction effect. After it was found that both substrate

ratio and fungal treatment had significant effects on ammonia, a post hoc analysis was performed

to determine which levels of each factor were significantly different from one another in order to

draw further conclusions.
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Table 15 Connecting letters report showing the results from the Tukey post hoc analysis of
ammonia contents for raw and fungal-treated materials before and after being digested at an ISR
of 0.821 in units of milligrams of ammonia nitrogen per gram of dry matter of substrate at the
various levels of substrate ratio and fungal treatment. The levels rd, md, and sd correspond to
digested raw material, digested mycelium-treated material (no fruiting), and digested spent
substrate (fungal treatment with fruiting), respectively. The levels r and s correspond to materials
not treated by fungus (raw materials) and spent substrate before digestion. The levels presented
as numbers correspond to the ratio of broiler litter to wheat straw. Factors not connected by the
same letters are significantly different (p < 0.05). Letters do not signify a comparison between
levels of two different factors.

Substrate Ratio Least Sq
Level Mean
100-0 A 8.992
75-25 A 7.700
50-50 A 6.831
25-75 B 3.198
0-100 B 1.146
Fungal Treatment Least Sq
Level Mean
rd A 12.02
md B 7.137
sd B 6.278
S C 1.980
r C 0.4563

Table 15 shows that when both fungal treatment and substrate ratio are taken into
account, ammonia increases progressively as the portion of broiler litter in the substrate increases
with two significantly different groups. Also, all digested material had significantly higher
ammonia levels than all undigested material. However, digested raw material had significantly

higher ammonia levels than the digested fungal-treated materials.
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Another notable observation made from the analysis of nitrogen species of the materials
is that the fungal treatment with fruiting had significant effects on nitrate concentration,
especially for materials with substrate ratios of 0-100 and 25-75 which had average percent
increases of 156% and 223%, respectively. Results for the statistical analysis of nitrate are shown
in Table 16 and Table 17. It is well-known that nitrate can have inhibitory effects on
methanogenesis due to the ability of denitrifying bacteria to outcompete methanogens for acetate
and proprionate (Tugtat et al., 2006). Thus, this is a likely explanation for the lower methane
yields exhibited by materials treated by fungus compared to that of the untreated material.

Table 16 ANOVA effects test table for nitrate contents of raw and fungal-treated materials

before and after being digested at an ISR of 0.821. P-values less than 0.05 are marked with an
asterisk to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 17.277567 17.8926 <.0001*

Fungal Treatment 4 4 13.899850 14.3947 <.0001*

Interaction 16 16 18.385775 4.7601 <.0001*

Table 16 shows that both substrate ratio and fungal treatment had significant effects on
nitrate. There was also a significant interaction effect. After it was found that both substrate ratio
and fungal treatment had significant effects on nitrate, a post hoc analysis was performed to
determine which levels of each factor were significantly different from one another in order to

draw further conclusions.
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Table 17 Connecting letters report showing the results from the Tukey post hoc analysis of
nitrate contents for raw and fungal-treated materials before and after being digested at an ISR of
0.821 in units of milligrams of nitrate nitrogen per gram of dry matter of substrate at the various
levels of substrate ratio and fungal treatment. The levels rd, md, and sd correspond to digested
raw material, digested mycelium-treated material (no fruiting), and digested spent substrate
(fungal treatment with fruiting), respectively. The levels r and s correspond to materials not
treated by fungus (raw materials) and spent substrate before digestion. The levels presented as
numbers correspond to the ratio of broiler litter to wheat straw. Factors not connected by the
same letters are significantly different (p < 0.05). Letters do not signify a comparison between
levels of two different factors.

Substrate Ratio Least Sq
Level Mean
0-100 A 1.793
25-75 A B 1.481
50-50 B C 1.184
100-0 C D 0.9971
75-25 D 0.7842
Fungal Treatment Least Sq
Level Mean
sd A 1.563
md A 1.548
S A B 1.353
rd B 1.156
r C 0.6188

Table 17 shows that when both fungal treatment and substrate ratio are taken into
account, nitrate increases progressively as the portion of wheat straw in the substrate increases
with every other step increase being significantly differ; the exception being that 100-0 had
significantly higher nitrate level than 75-25. Also, digested fungal-treated materials had
significantly higher nitrate levels than digested raw materials, and the same goes for those

materials before digestion.
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Figure 16 A bar plot showing TP of cold extracts of biomass. The labels md, n, rd, S, and sd
represent digested and mycelium-treated material, no treatment (raw material), digested raw
material, sludge (inoculum), and digested spent substrate.

As shown in Figure 16 and supported using a two-way ANOVA and post hoc analysis of
TP with substrate ratio and fungal treatment being the two factors, the results of which are shown
in Table 18 and Table 19, it was found that both substrate ratio and treatment had an effect on the
phosphorus content of the materials. Addition of wheat straw, having a lower TP content, was
able to lower the TP content of the material as a whole. More importantly, digested raw materials
had significantly higher TP than untreated raw materials; however, digested materials that had

undergone fungal pretreatment had significantly lower TP contents.
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Table 18 ANOVA effects test table for phosphorus contents of raw and fungal-treated materials
before and after being digested at an ISR of 0.821. P-values less than 0.05 are marked with an
asterisk to show significance of the corresponding factor on extractives content.

Source Nparm DF  Sum of F Ratio Prob > F
Squares

Substrate Ratio 4 4 217.20741  20.2355 <.0001*

Fungal Treatment 3 3 921.52183 114.4677 <.0001*

Interaction 12 12 148.29476  4.6051 <.0001*

Table 18 shows that both substrate ratio and fungal treatment had significant effects on
phosphorus. There was also a significant interaction effect. After it was found that both substrate
ratio and fungal treatment had significant effects on phosphorus, a post hoc analysis was
performed to determine which levels of each factor were significantly different from one another

in order to draw further conclusions.

Table 19 Connecting letters report showing the results from the Tukey post hoc analysis of
phosphorus contents for raw and fungal-treated materials before and after being digested at an
ISR of 0.821 in units of milligrams of phosphate per gram of dry matter of substrate at the
various levels of substrate ratio and fungal treatment. The levels rd, md, and sd correspond to
digested raw material, digested mycelium-treated material (no fruiting), and digested spent
substrate (fungal treatment with fruiting), respectively. The levels r and s correspond to materials
not treated by fungus (raw materials) and spent substrate before digestion. The levels presented
as numbers correspond to the ratio of broiler litter to wheat straw. Factors not connected by the
same letters are significantly different (p < 0.05). Letters do not signify a comparison between
levels of two different factors.

Substrate Ratio Least Sq
Level Mean
100-0 A 6.899
75-25 B 4.783
50-50 B C 3.744
0-100 B C 3.359
25-75 C 2.555
Fungal Treatment Least Sq
Level Mean
rd A 8.192
r B 5.329
sd C 2.864
md D 0.6865
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Table 19 shows that when both fungal treatment and substrate ratio are taken into
account, phosphorus increases progressively as the portion of broiler litter in the substrate
increases with the exception of the 25-75 substrate which had a lower average phosphorus level
than the 0-100. The 100-0 substrate had significantly higher TP levels than all other substrate
ratios and the 25-75 substrate was only significantly lower than the 75-25 and 100-0 substrates.
Also, every treatment factor tested was significantly different than all other with the digested raw
materials having the highest TP levels and digested mycelium-treated material having the lowest.

The decrease in TP upon fungal treatment could possibly be due to the incorporation of P
into macromolecules such as proteins, DNA, and RNA, but more information would be required
to determine this. Although it is not well understood why fungal treatment would result in lower
soluble TP content of the biomass (keep in mind that all chemical analyses were performed on
extracts; meaning, only soluble components were measured), this effect along with other results
discussed could have significant economic, social, and environmental impacts.

3-4  Potential Applications and Impacts

The discoveries made during this project have some significant implications that could
have direct economic, social, and environmental impacts related to agriculture. For one, it was
found that the yield of oyster mushrooms could be significantly increased by an average of 85%
using a mixture of 25% broiler litter and 75% wheat straw as opposed to 100% wheat straw as a
substrate. This provides an alternate use for broiler litter, which leads to the production of a more
high-value product; raw broiler litter is sold for approximately $25/ton whereas, using the yields
exhibited in the study and the average 2016 market value of oyster mushrooms being $3.60/Ib,

approximately $4,000 worth of oyster mushrooms could be produced per ton of substrate
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composed of 25% broiler litter. This could have positive economic impacts on both the
mushroom and poultry industries.

It was also found that the lignin contents of the materials were decreased by fungal
treatment. Although this did not lead to higher methane yields, likely due to an increase in nitrate
concentration, the spent mushroom substrate was still capable of being utilized through solid-
state anaerobic digestion for the production of methane, which could potentially be used to offset
energy usage associated with the mushroom and poultry production supply chains. The decrease
in lignin content may also mean that the spent mushroom substrate could be more useful as a
feed supplement for livestock compared to raw wheat straw.

It was also found that both fungal pretreatments resulted in a significant reduction in
soluble phosphorus for all substrate ratios after digestion, whereas materials that had not
previously been treated by fungus exhibit higher TP contents after digestion compared to the raw
materials. This could have many potential implications. For one, these results suggest that fungal
treatment could be used solely for the purpose of reducing soluble TP (or WEP) in broiler litter,
which would allow for higher land application rates. This could in turn reduce the environmental
impacts of the poultry industry and thus, reduce the legal disputes, regulatory restrictions on
industry, and other negative social factors resulting from environmental impacts of agriculture.
The same implications apply to the scenario where the broiler litter would be combined with
wheat straw for mushroom production.

While fungal treatment was capable of effectively lowering soluble TP content, it and
solid-state anaerobic digestion were both effective at increasing soluble nitrogen content of the
materials. This implies that the fertilizer value of waste materials would be increased by the two

biological treatments by effectively increasing the N:P ratios of the materials. This is another
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implication that would have positive effects on agricultural supply chains, especially related to
mushroom and poultry production and crop production in the same vicinity.
4. Conclusion: Summary and Future Research

Given the need for increased agricultural productivity and reduced environmental impacts
to ensure the sustainability of our civilization, innovators need to be thinking of new ways to
improve efficiency by reducing waste and increasing yields through the integration of
agricultural supply chains in a way that mimics natural, ecological principles. In this manner, we
can use biological resources to transform unwanted organic materials into products that are
useful to us and continuously recirculate macronutrients needed for biological processes. If we
look at unwanted agricultural byproducts as waste, the energy and macronutrients (or biological
potential) of these materials could potentially be made less available to us and could directly
cause significant negative impacts on the environment. This research exemplifies the application
of these principles to create a real-world solution to an instance where a biological resource is
not being utilized to its fullest potential.

Broiler litter, although it is often thought of a soil amendment, is an under-utilized and
misused organic resource that is currently causing significant environmental and social problems
in certain parts of the world. The oyster mushroom, thought of a specialty mushroom, is a highly
productive and versatile fungus that in recent years has gained popularity as both a food source
and a useful tool for bio-product engineering. Thus, the integration of these two biological
resources was investigated and found to have significant implications related to increased
mushroom productivity, increased utilization of broiler litter, the offset of energy usage, and

improved downstream usage of macronutrients for other agricultural processes. Although many
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questions were answered over the course of this study, several others have arisen along with
unexpected results.

Although it was found that mushroom yields could be increased by supplementing wheat
straw with broiler litter, only the lowest substrate ratio was capable of producing edible
mushrooms. This leaves the question as to what the ideal ratio would be for oyster mushroom
cultivation. Thus, a study could be performed to investigate the cultivation of oyster mushrooms
with a smaller range of broiler litter addition. For instance, another study could be performed on
ten substrate ratios ranging from 100 to 50 percent wheat straw in increments of 5 percent. A
possible outcome of this experiment would be to find the amount of broiler litter that maximizes
oyster mushroom yield. Also, the construction of the experimental growth chamber could be
improved so that humidity could be controlled more precisely to see if this would reduce the
variability in moisture content and biological efficiency.

Larger scale mushroom production experiments could also be performed in order to
produce results that would be more representative of what would be expected in practice. More
substrates could also be investigated to determine what the best recipe incorporating broiler litter
and other waste materials available in the same area. The composition of broiler litter could also
change depending on location. Thus, a large number of experiments would have to be performed
and the data would have to be analyzed with source of broiler litter in mind in order to create
results that could be highly useful to potential mushroom growers by accurately predicting
yields.

It was also found that the fungus could improve the degradability of the materials, with
and without mushroom fruiting by lowering lignin content and increasing extractives contents.

This, however, did not improve methane yields likely due to the unexpected increase in nitrate
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concentration. Yet, further experimentation could be performed to confirm this observation. If
this is confirmed to be the case, possible solutions could be investigated and a more detailed
analysis of potential impacts, which dictate the necessity of a solution, could be performed. It is
quite possible that another biological, physical, or chemical process may need to be added prior
to anaerobic digestion in order to reduce nitrate concentration. Perhaps the material could be
“rinsed” before anaerobic digestion to remove soluble nitrogen. The leachate resulting from this
process could potentially be used as nutrient-rich aqueous solution for green house operations.
Once more is understood about the relationships between the materials and the biological
systems that were studied, more could be done to make these discoveries more applicable to
industry. As previously discussed, an improved mushroom cultivation experiment could be
performed to generate more consistent biological efficiencies that could be referenced by
potential producers to make business decisions. Also, more extensive anaerobic digestion
experiments could be performed to determine the operating parameters (i.e. loading rate,
retention time, moisture content, pretreatments, etc.) needed to maximize methane yields and/or
profits. However, all information generated needs to ultimately be related to the actual impacts
that the proposed processes would have in practice, which could be determined through life cycle
assessment (LCA) studies. It is often the case that proposed processes intuitively seem would
reduce impacts, but the contrary is found to be the actual case. Thus, great care should be taken
to makes insure that adverse effects of recommendations do not outweigh the benefits. This
would help to insure that the general goal of improving the sustainability of our civilization is

being improved.
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