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Abstract

Anaerobically digested cattle biosolids are a by-product of cattle waste processing for
pollution control and biogas production, yet this material has potential as an economical
component of potting mixes used for sustainable nursery container production. As an animal
waste, this material could have valuable fertilizer properties that could reduce the amount of
supplemental fertilizer applied to nursery crops. In this study, anaerobically digested cattle
biosolids were added to a bark and sand mixture in 0, 15, 30, 45, or 60% concentrations (by
volume) to make five potting mixes. Four species of native perennials—Mimulus guttatus
(golden/seep monkey flower), Holodiscus discolor (oceanspray), Philadelphus lewisii
(syringa/mockorange), and Penstemon strictus (Rocky Mt. penstemon)—were planted into the
various mixes and grown for four months in 1-gallon containers. Initial physical and chemical
properties of the media were analyzed including aeration, water-holding capacity, total
porosity, bulk density, C:N ratio, electrical conductivity (EC), pH, cation exchange capacity (CEC),
and mineral concentrations including nitrate-N, ammonium-N, available P, K, B, S, and
extractable K, Ca, Mg, Na, and Cl. Media pH and EC were analyzed monthly by the pour-through
extraction method, and all plant heights and penstemon widths were measured every three
weeks. At the end of the experiment, plant leaves from 60 plants per species were collected for
foliar mineral analysis, and the plant shoots were harvested for biomass to compare growth
among the mixes. All mixes containing biosolids had good air and water-holding capacity (30%
and 50%, respectively) and low bulk density (< 0.4 g cm?). Anaerobically digested biosolids
neutralized the otherwise acid pH of the bark sand mixture from 4.8 to 5.9 for the 15% biosolids
medium and 7.2 for the 60% medium. The C:N ratio decreased with increasing biosolids
concentration from 103 to 22. Electrical conductivity was high (5.0<EC<7.9 dSm™) in media
containing = 30% biosolids by volume, however, and some leaves on plants grown in 30, 45, or
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60% biosolids amended media were chlorotic; tissue death beginning at the leaf margins was
seen on some oceanspray plants in the 60% biosolids medium. In fact, three plants growing in
the 60% biosolids mix showing these symptoms died during the study. The biosolids proved to
be a nutrient source with mineral concentrations increasing, for the most part, with increasing
percentages of biosolids. All four species grew as well or better in media amended with up to
30% biosolids and Rocky Mt. penstemon grew better in media amended with up to 60%
biosolids compared to plants grown in the bark sand mix (control). This study demonstrated
that anaerobically digested cattle biosolids can be a stable amendment for potting mixes and
can improve a bark-based media. The biosolids also appeared to provide an additional mineral
source to native plants grown in amended media.

Materials and Methods:

The experiment, native plant production in potting media amended with anaerobically
digested cattle biosolids, was begun in mid-May 2008. Anaerobically digested cattle biosolids,
which consisted of fibrous waste that was composted for approximately three months, was
obtained from Intrepid Technology and Resources, Inc. (Whitesides Dairy Digester Biogas
facility, Rupert, ID). Five potting mixes containing 0, 15, 30, 45, or 60% biosolids (by volume),
10% sand, and 90, 75, 60, 45, and 30% bark, respectively (to bring the volume of each mix to
100%), were thoroughly mixed and supplemented with micronutrient fertilizer (Scotts
MicroMax®) at 1.5 Ibs. per cubic yard. On May 12, 10-cubic inch plugs of the native species
Holodiscus discolor (oceanspray), Philadelphus lewisii (syringa/mockorange), and Mimulus
guttatus (golden/seep monkey flower) were planted in 1-gallon pots. Two days later on May 14,
Penstemon strictus (Rocky Mt. penstemon) plants in 4-inch pots were transplanted into 1-gallon
containers. Mimulus guttatus was substituted for Eriogonum niveum (snow buckwheat) as
regional nurseries were sold out of the needed quantities of the Eriogonum. Twelve grams of
15-9-12 ( 15% N-4% P-10% K) Scotts Osmocote® Plus (5 to 6 month) controlled-release fertilizer
were surface applied to each pot on May 15. The plants were established for four weeks before
being placed in a randomized complete block design (5 replicates per block x 4 blocks x 5 media
X 4 species) starting June 11. Plants were set into 2-gallon socket pots sunk into a raised mulch
bed to try to minimize heat stress on the root system (modified pot-in-pot system). Four
hundred plants were used in the study with 100 plants per species and 20 plants of each
species per potting medium.

Plants were watered with an automated micro-emitter irrigation system with spray stakes
with approximately 1.2 liters (0.32 gal.) applied at each irrigation per pot. Golden monkey
flower, a plant that thrives in moist sites, was watered daily to maintain its turgor, but when
hot weather arrived, these plants were watered three times daily. To reduce heat stress on this
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species, a shade structure was constructed over all four blocks using a 55% shade cloth. Plants
improved turgor and vigor following shading. Oceanspray, mockorange, and penstemon were
irrigated every other day, but watering was increased to every day during hot weather to cool
the potting medium. Watering of the oceanspray plants was reduced to three times a week,
however, following the loss of two plants to a wilt pathogen.

All mixes were tested for initial aeration, water-holding capacity, total porosity, and bulk
density. Media shrinkage was determined by measuring the net change in volume (mL) for all
pots from the beginning of the experiment until harvest (11 weeks for the monkey flower and
13 weeks for the other species). Electrical conductivity (EC) and pH measurements were taken
before planting by using the saturated extraction method. Readings for the control (0%
biosolids) mix were low (pH 4.05, EC < 1 dS‘m™), and ground agricultural limestone was added
to this medium at 2.25 Ibs. per cubic yard to increase the pH to an acceptable level (pH 5.1). A
laboratory analysis of chemical properties was conducted on all five of the media for electrical
conductivity, pH, cation exchange capacity, C:N ratio, and for mineral concentrations including
nitrate-N, ammonium-N, available P, available K, available B, S, and extractable K, Ca, Mg, Na,
and Cl. High soluble salt content in the 30%, 45%, and 60% biosolids mixes (5.0, 7.0, and 7.9
dS-m'l), as determined by saturated extract measurements, raised some concerns about
phytotoxicity, and pots were leached with excessive watering the first few days after planting.

In order to observe changes in soluble salt levels in the media over time, pH and EC were
measured once each month following placement of the plants in the experiment. Medium
solution was collected by pour-through extraction, and the leachate (equilibrated medium
solution) was displaced into a drain pan by applying 150 mL of water to the medium surface.
Pour-through extracts were collected by random selection of one replication from each block
(or four replications per species) for each medium.

All plant heights and penstemon widths were measured every three weeks until harvest,
beginning June 12. Monkey flower widths were measured once at the beginning of the
experiment, but rapid growth and crowding of the species rendered further width
measurements difficult and reduced their potential significance as well. A rain storm on July 22
caused lodging of the monkey flower plants. The proximity of the monkey flower plants to each
other and the succulent nature of the stems prevented the collection of further height and
media extract data (EC and pH) until harvest.

An aphid infestation was observed in late July. On August 4, all plants in the entire
experiment were sprayed for aphid control with Ortho® Systemic Insect Killer at 0.66 mL L™* of
the active ingredient acephate.
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The harvest of the monkey flower was moved from mid-September to August 26 to reduce
potential biomass loss caused by decline of the plants from contact with the ground and
increased moisture from August rains. The other species were harvested later beginning
September 9. For each species, leaves from three randomly selected plants per treatment per
block were collected for foliar analysis. Basal leaves from the crown of the monkey flower and
penstemon were collected. Oldest and newest leaves were excluded from sampling. Six to ten
leaves were removed from most stems on oceanspray and mockorange plants. Usually the
three upper-most leaves on the stems were excluded, as were the basal leaves, from those
used for foliar analysis. Leaves were rinsed twice with distilled water for approximately 10
seconds for each sample, and finally dried in a drying oven at approximately 50°C for at least 7
days until thoroughly dry. The dried leaves were then weighed, ground, and sent to a
laboratory to be analyzed for N, P, K, Ca, Mg, S, Fe, Cu, Zn, Mn, B, and Na. The plants were
severed at the root crown, and shoots were dried in a drying oven at 50°C for at least 14 days
until dry and then weighed for biomass.

After final data collection, initial media chemical and physical properties, plant growth
(height and widths), foliar mineral data, and final biomass for shoots were statistically analyzed
for treatment significance by analysis of variance procedures. Tests for normality of the data
were determined by univariate procedures. Protected Fisher’s Least Significant Difference (LsD)
test was used at the 5% level to determine significant differences between means. If a plant
died, differences between means for growth parameters were determined by least square (LS)
mean comparisons at the 5% level.

Results and Discussion:

The initial chemical and physical properties of biosolids amended mixes indicated that
anaerobically digested cattle waste could be used to improve a bark/sand potting mix by using
up to 30% biosolids (by volume). Initial physical properties of the media were similar among
treatments (Table 1). Even the addition of 60% biosolids barely affected air capacity and total
porosity compared to the bark and sand mix (control). Water-holding capacity was increased by
5% from the 0% biosolids mix to the 60% mix. Bulk density decreased slightly with increasing
biosolids percentages, but the decrease was of little physical significance. The fibrous nature of
the anaerobically digested biosolids was likely responsible for the minor changes that its
addition had on these media properties. Its reduced particle size, as compared to the bark,
increased water-holding capacity but decreased bulk density. Media shrinkage was non-
significant for all treatments with a small reduction in volume in the 0% biosolids mix and
somewhat less in the 15% biosolids mix (data not shown). A slow rate of biosolids
decomposition coupled with increasing root volume as the biosolids concentration increased in
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the mixes resulted in a net gain in media volume for all plant species. This volume increase
(<240 mL) was of minor importance.

The concentrations of biosolids in the mixes strongly influenced their initial chemical
properties (Table 2). The C:N ratio was highest in media without biosolids and decreased with
increasing biosolids concentration, signifying increasing nitrogen availability with increasing
biosolids percentages. Cation exchange capacity (CEC) of the media lacked significance among
treatments, indicating that anaerobically digested cattle biosolids had little capacity to improve
CEC of bark/sand mixes and was sufficient to retain nutrients. Initial EC and pH increased
almost linearly with increasing biosolids percentages. Soluble salt levels (as indicated by EC
readings) were high in media containing biosolids. Electrical conductivity of the 30%, 45%, and
60% biosolids mixes was well above the threshold for soluble salt toxicity for even salt tolerant
species (Table 2) possibly caused by extremely high levels of available K and extractable cations
(Tables 3 and 4, respectively). These mineral concentrations, together with excessive sodium
and chloride levels, indicated that plants could potentially suffer toxicity damage. Plants in all
media were heavily watered once daily the first three days and then every other day following
for the first week. The leaching of the media failed to entirely mitigate problems, however, and
leaf yellowing and leaf death progressing inward from the margins were observed on
oceanspray plants in the 60% biosolids mix with leaves yellowing on plants in both the 30% and
45% biosolids mixes (Figure 1). Three oceanspray plants with symptoms of salt toxicity died in
the 60% biosolids mix over the course of the experiment. Leaf yellowing was visible on
mockorange and penstemon plants in the 45% and 60% biosolids mixes and on some
mockorange plants in the 30% biosolids mix during the first three weeks after planting. Other
than an initially slight growth reduction in the 45% and 60% biosolids mixes, the monkey flower
lacked damage symptoms from the high chloride and salt levels. Monkey flower plants in the
15% and 30% biosolids mixes grew quite vigorously early in the experiment (Figure 2).

The concentration of biosolids in the mixes also strongly influenced their initial mineral
concentrations. Without exception, all nutrient concentrations increased with increasing
biosolids percentages in the potting mixes. Anaerobically digested cattle waste provided a
source of nitrate, ammonium, available potassium, available phosphorus,available boron, and
sulfur (Table 3). The manure was also a very good source of extractable nutrient cations K, Mg,
and Ca, including both nutrients in solution and at cation exchange sites (Table 4). Sodium
levels were high (95% greater than the average soil concentrations in temperate climates) in
the media containing higher biosolids percentages, and although total salt levels were high, the
Na alone could have been the cause of toxicity symptoms observed in plants in the 30%, 45%,
and 60% treatments. Extractable chloride was also well above the upper limits of desirable soil
concentrations (from fertilization) for agronomic crops (a 92% to 98% increase) in all mixes
containing biosolids (Table 4) and was possibly a contributing source of salt toxicity damage
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observed early in the experiment. Since Na and Cl are readily leached through potting mixes
and pots were heavily leached for almost a week after planting, salt damage should have been
mitigated. As a result, mildly affected plants in the 30%, 45%, and 60% biosolids mixes
eventually recovered. Excessive salt damage with resulting nutrient imbalances may also have
been somewhat counteracted by the addition of controlled-release fertilizer within the first
week of planting. The periodic pH and EC readings (determined by the pour-through method)
dropped abruptly in conductivity from > 4 dS m™ to within 0.4 dS m™* with a corresponding rise
in pH of 0.5 to 1 pH units in media containing biosolids within 4 weeks of potting the plants
(data not shown).

Nutrient deficiency stress was observed almost immediately for all plants grown in the 0%
biosolids mix for all species, but the presence of the controlled-release fertilizer relieved visible
symptoms within two weeks and boosted growth in this mix. Differences in size and foliar color
of the plants in media containing biosolids and those in the control medium lacking biosolids
were still observable four weeks after planting. Foliage on oceanspray plants was yellow (Figure
1), and size of monkey flower plants differed among the different biosolids treatments by the
third week after planting (Figure 2). Oceanspray plants showed toxicity symptoms, probably
from high salt (Na, K, Ca, and Mg) and chloride levels, in the 30%, 45%, and 60% biosolids mixes
that increased in severity with increasing biosolids concentrations. Although three oceanspray
plants out of 20 eventually died in the 60% biosolids mix and two plants remained chlorotic
until harvest, the remaining plants in the 30%, 45%, and 60% biosolids mixes eventually
recovered and grew as well or slightly better than those in the 0% and 15% mixes (Figures 3 and
4).

Monkey flower plants grew well in the all mixes containing biosolids. Monkey flower growth
at four weeks increased up to 30% biosolids concentration, before decreasing in the 45% and
60% mixes (Figures 2 and 5). The presence of the slow-release fertilizer helped promote growth
and overcome nutrient imbalances, so that plants grew somewhat equally among the
treatments with final heights becoming non-significant for this species even compared to the
0% biosolids (control) mix (Figure 6). Monkey flower shoot biomass, however, significantly
increased for plants in mixes containing biosolids compared with plants grown in the control
(Figure 7). Plants in the control mix lacking biosolids averaged at least 19% less shoot dry
weights than plants in mixes amended with biosolids. Release of mineral nutrients over time by
the digested biosolids may have increased shoot biomass in biosolids amended mixes.

Mockorange heights and biomass lacked significance among treatments (Figures 8 and 9).
Although early growth of mockorange plants in the 15% biosolids mixes slightly exceeded that
of plants in the other four mixes, plants in all mixes grew at approximately the same rate
(Figure 8), and early chlorosis that was visible on plants in the 45% and 60% biosolids mixes
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eventually disappeared. Shoot dry weights of all plants were similar by the end of the study,
regardless of the potting mix used (Figure 9).

Rocky Mountain penstemon plants grew well in all mixes but grew taller and yielded more
biomass in media amended with 60% biosolids (by volume), compared to plants in other
biosolids treatments. While early salinity problems made the 60% biosolids concentration
somewhat undesirable for production of the other species in that mix, heights and widths of
penstemon were actually significantly higher in the 60% biosolids mix than the other
treatments by 14% at the end of the experiment(Figures 10 and 11). Shoot biomass of
penstemon plants in the 60% biosolids amended mix was 27% higher than that of plants grown
in mixes containing < 60% biosolids (Figure 12). Plant of all species, however, grew as well or
better in mixes amended with biosolids compared to the control that lacked biosolids.

The presence of a wilt pathogen (probably Fusarium) in the oceanspray plants possibly
confounded growth and biomass results for this species. On June 30, three plants wilted or
partially wilted—one each from the 0%, 15%, and 30% biosolids mixes. The plant in the 15%
biosolids mix died, whereas only parts (random stems) on the other two plants were
completely wilted. Two more plants in the 15% biosolids mix died and a second plant in the
30% biosolids mix was damaged later in the season. Wilt pathogens can cause stunting and leaf
discoloration as well. A few plants in the 0%, 15%, and 30% biosolids mixes grew very little
compared to other plants in these media and had to be removed from the statistical analysis to
prevent outliers. To prevent statistical bias, a stunted plant from the 60% biosolids mix was
removed from the analysis as well. However, evidence from stem tissue isolations and vascular
discoloration indicated that the fungus might have been present to a lesser degree in
apparently healthy plants. In addition, the stunted shoots as well as the red and yellow leaf
coloration might also have been related to media biosolids concentrations. The other species
lacked evidence of any infection, and the fungus was probably present on the oceanspray
seedlings when they were received from the (Oregon) grower.

Although higher percentages of biosolids increased nutrient concentrations in the potting
mixes, biosolids concentration affected foliar plant nutrients only to a minor extent (Tables 5
and 6). The lack of significance of foliar nutrient concentration among plants in different mixes
was probably due, in part, to the early application of control-release fertilizer which altered
media nutrient content and balance. Of the 12 foliar nutrients analyzed, only manganese was
significantly affected by the biosolids treatments (Table 5). For all species, Mn concentrations in
foliar tissue decreased significantly with increasing biosolids percentages (data not shown). This
decrease was probably the result of the increasing potassium levels in the media (Table 3),
since K is preferentially taking up by most plants over other cations such as Mn, Mg, and Ca. A
similar pattern was visible in oceanspray foliar concentrations of iron and monkey flower foliar



Native Plants Production in Potting Media Amended with Anaerobic Digested Cattle Biosolids 8
December 22, 2008

concentrations of zinc, possibly in response to uptake inhibition by increasing K levels with the
increasing biosolids percentages. While several other nutrients differed significantly among
potting mixes for the different species (Tables 5 and 6), these differences seemed unrelated to
changes in biosolids percentages. Significant differences were also small and therefore probably
lacked biological significance (data not shown).

While little is known about the foliar mineral concentrations needed by the particular
species, the range of most nutrients analyzed appeared to be sufficient in the experiment. For
example, a domestic cultivar of mockorange has higher foliar concentration of N, P, K, Ca, Cu,
and Mn compared to the native species used in this study. However, nutrient requirements
would most likely be lower for the non-domesticated mockorange; therefore, these nutrient
concentrations may have been sufficient (Tables 5 and 6). Nutrient values for oceanspray
(Tables 5 and 6) fell for the most part within the ranges of foliar nutrient concentrations known
to be sufficient for domestic spiraea cultivars, a close relative of oceanspray. Monkey flower
had the highest foliar nutrient levels of all species indicating either a high nutrient requirement
or the ability to sequester available nutrients. Nitrogen was the most limiting nutrient for all
species, but micronutrient levels were apparently sufficient. For all species, foliar nutrient data
failed to show any serious nutrient deficiencies caused by including anaerobically digested
biosolids in the potting mixes.

Significance to the Nursery Industry:

Overall, anaerobically digested cattle biosolids showed potential as both a fertilizer source
and substrate amendment for potting media used for native plant production. Native plants
grown in media containing 15%, 30%, or 45% biosolids by volume grew well throughout the 4-
month experiment as opposed to plants in the medium without biosolids (control), which failed
to grow until the controlled-release fertilizer took effect. The mix containing 60% biosolids
produced the most overall growth of Rocky Mt. penstemon. Some minor salt stress of plants
grown in media containing > 30% biosolids was observed early in the experiment, but heavy
irrigation lowered salt levels, and affected plants quickly recovered. Media containing less than
30% biosolids by volume probably had limited fertility, which would require earlier
supplemental fertilization to maintain optimum plant growth. The absence of media shrinkage
even in those mixes containing the highest percentages of biosolids indicated promise as a
physically stable medium amendment. High chloride and high soluble salt levels most likely
caused yellowing and necrosis of leaves on plants grown in media containing > 30% biosolids
and some oceanspray plant mortality in the 60% biosolids mix. Some of the salt and chloride
problem, however, was reduced by leaching the media, and eventually EC was reduced to
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below desired levels. An overall increase in pH overtime, probably the result of breakdown of
the organic matter from the biosolids, could potentially have limited nutrient availability over
time, reducing the effectiveness of the biosolids as a fertilizer source, but the presence of
controlled-release fertilizer somewhat controlled rising pH by acidification (by release of
ammonium or urea). Supplemental fertilization most likely offset the any early nutrient
imbalances from high salt levels and late season nutrient deficiencies, for the most part, since
foliar mineral analysis failed to reveal any serious deficiencies. Further research is needed to
determine the best overall percentage of biosolids required for optimum plant growth for
domestic species and larger trees and shrubs, particularly salt sensitive species. Further study is
also recommended to determine the best methods of mitigating excessive sodium and chloride
levels in order to maximize the potential of anaerobically digested cattle biosolids as a
container media amendment. Overall, this study demonstrated that anaerobically digested
cattle biosolids could be substituted for at least 30% potting mix volume for producing selected
species of native plants.
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Table 1. Initial physical properties of media amended with various percentages (by volume) of
anaerobically digested cattle biosolids.

Water-holding

Biosolids Air Capacity Capacity Total Porosity Bulk Density
(%) (%) (g-em™)
0 30.9 ab* 45.7d 76.6b 0.356 a
15 32.5a 46.6 cd 79.1ab 0.335 bc
30 29.5b 48.2 bc 77.8 ab 0.344 b
45 30.3ab 49.8 ab 79.2 ab 0.329 ¢
60 30.8 ab 50.7 a 81.5a 0.330¢c

*Means followed by different letters within a column are significantly different at P<0.05
protected Fisher's LsD test (n = 4).

Table 2. Initial chemical properties of potting mixes amended with various percentages (by
volume) of anaerobically digested cattle biosolids.

Biosolids pH EC CEC C:N
(%) (dS'm™) (cmol(+) kg™) Ratio
0 4.8 e* l6e 23 103 a
15 5.9d 3.6d 26 47 b
30 6.4c 50c 26 37c
45 6.9b 7.0b 23 28d
60 7.2a 79a 25 22d

*Means followed by different letters within a column are significantly different at P<0.05
protected Fisher's LsD test (n=4).

Table 3. Initial mineral concentrations in potting mixes amended with various percentages (by
volume) of anaerobically digested cattle biosolids.

Available Available Available Nitrate Ammonium  Sulfate
Biosolids K P B N N S

(%) (ppm)
0 268 e* 50e 3.7d l4e 11.0c 315d
15 1175d 245d 57c 107.5d 22.3b 380 ¢
30 1900 c 438 c 7.1bc 180.0 ¢ 30.54a 398 bc
45 2750 b 635b 9.5a 255.0b 25.3b 533 b
60 4050 a 863 a 8.5ab 327.5a 22.8b 525a

*Means followed by different letters within a column are significantly different at P<0.05
protected Fisher's LsD test (n=4).



Native Plants Production in Potting Media Amended with Anaerobic Digested Cattle Biosolids 11
December 22, 2008

Table 4. Initial concentrations of selected extractable minerals in potting mixes amended with
various percentages (by volume) of anaerobically digested cattle biosolids.

Biosolids Ca Mg K Na cl
(%) (ppm)
0 2600 e* 672 c 312e 9e 13e
15 3400 d 696 c 1248 d 437d 433d
30 4400 c 876 b 2028 ¢ 759 ¢ 728 c
45 5400 b 960 b 2691 b 1012 b 1048 b
60 6200 a 1152 a 3744 a 1472 a 1525a

*Means followed by different letters within a column are significantly different at P<0.05
protected Fisher's LsD test (n=4).

Table 5. Mean macronutrient concentrations in leaves from four species of native plants. Foliar
nutrient concentrations shown for each species were averaged over all plants in all
potting mixes.

N P K Mg Ca S
Species (%)
Mockorange 1.38 0.23 1.29 0.41 1.38 0.12
Oceanspray 1.58* 0.25 0.98 0.32* 0.62 0.14
Rocky Mt. Penstemon 1.99* 0.30* 1.08 0.65 1.85 0.28
Monkey flower 2.03 0.33* 2.09 0.74* 2.85 0.33

*Asterisks following nutrient level means indicate significance among treatments (n = 60).

Table 6. Mean micronutrient concentrations in leaves from four species of native plants. Foliar
nutrient concentrations shown for each species were averaged over all plants in all
potting mixes.

Fe Zn Cu Mn B Na

Species (ppm) (%)
Mockorange 99 30 3 31* 58 0.002
Oceanspray 383* 18 3 112* 26 0.005
Rocky Mt. Penstemon 77 26 5 56* 38 0.001
Monkey flower 761* 86* 8 135* 33* 0.145

*Asterisks following nutrient level means indicate significance among treatments (n = 60).
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Figure 1. Oceanspray plants just before placement in the experiment (June 3, three weeks
after planting) showing progressively increasing leaf yellowing with increasing
biosolids concentration (left to right). The plant in the 0% biosolids mix shows faint
red coloration, indicating some nutrient deficiency.
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Figure 2. Monkey flower plants on June 3 (three weeks after planting) just before placement
in the experiment. A distinct growth pattern was observed among the mixes (left to
right) with increasing biosolids percentage. Anaerobically digested cattle biosolids
improved growth of plants in mixes containing >15% over the 0% biosolids mix, but
growth peaked in the 30% mix before declining in the 45% and 60% mixes.
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Figure 3. Change in mean heights of oceanspray plants grown in potting mixes amended with
0, 15, 30, 45, or 60% anaerobically digested biosolids (by volume). Due to plant
death, data points are means of 16 to 20 plants, depending on date and mix. Error
bars indicate standard error.
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Figure 4. Mean shoot biomass of oceanspray plants after growing for four months in potting

mixes amended with 0, 15, 30, 45, or 60% anaerobically digested cattle biosolids
(by volume). Different letters indicate significant differences as determined by LS
means at the 5% level due to plant death (n = 18, 17, 18, 20, and 16 for the 0, 15,

30, 45, and 60% mixes, respectively).
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Figure 5. Mean height of monkey flower plants at four weeks after planting into potting
mixes amended with 0, 15, 30, 45, or 60% anaerobically digested biosolids (by
volume). Different letters indicate significant differences as determined by
protected Fisher’s LsD test at the 5% level (n = 20).
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Figure 6. Final mean heights of monkey flower plants grown in potting mixes amended with
0, 15, 30, 45, or 60% anaerobically digested biosolids (by volume) as measured 11
weeks after planting. Different letters indicate significant differences as
determined by protected Fisher’s Lsp test at the 5% level (n = 20).
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Figure 7. Mean shoot biomass of monkey flower plants after growing for four months in
potting mixes amended with 0, 15, 30, 45, or 60% anaerobically digested cattle
biosolids (by volume). Different letters indicate significant differences as
determined by protected Fisher’s Lsp test at the 5% level (n = 20).
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Figure 8. Change in mean heights of mockorange plants grown in potting mixes amended with

0, 15, 30, 45, or 60% anaerobically digested biosolids (by volume). Data points are

means of 20 plants. Error bars indicate standard error.
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Figure 9. Mean shoot biomass of mockorange plants after growing for four months in potting
mixes amended with 0, 15, 30, 45, or 60% anaerobically digested cattle biosolids
(by volume). Different letters indicate significant differences as determined by
protected Fisher’s LsD test at the 5% level (n = 20).
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Figure 10. Change in mean heights of Rock Mt. penstemon plants grown in potting mixes
amended with 0, 15, 30, 45, or 60% anaerobically digested biosolids (by volume).
Data points are means of 20 plants. Error bars indicate standard error.
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Figure 11. Change in mean widths of Rock Mt. penstemon plants grown in potting mixes
amended with 0, 15, 30, 45, or 60% anaerobically digested biosolids (by volume).

Data points are means of 20 plants. Error bars indicate standard error.
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Figure 12. Mean shoot biomass of Rocky Mt. penstemon plants after growing for four months

in potting mixes amended with 0, 15, 30, 45, or 60% anaerobically digested cattle

biosolids (by volume). Different letters indicate significant differences as
determined by protected Fisher’s LsD test at the 5% level (n = 20).
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