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ABSTRACT

IDENTIFYING OPTIMUM GERMINATION TEMPERATURES AND ANALYSIS
WEIGHTS IN SEED TESTING FOR STIFF GOLDENROD (SOLIDAGO RIGIDA)
AND RIVER BULRUSH (BOLBOSCHOENUS FLUVIATILIS)

RACHEL GEARY
2023

Federal and state seed laws require seed lots offered for sale to be tested and
labeled with the appropriate information before they can be sold. Those tests are
conducted in seed testing labs all around the world. In the United States, accredited seed
testing labs follow the Association of Official Seed Analysts (AOSA) Rules for Testing
Seeds to provide information for labeling. The rules lack instructions for weights and
germination for many native species. Stiff goldenrod (Solidago rigida) and river bulrush
(Bolboschoenus fluviatilis) are two species that lack any information required for testing.
When seed testing labs use correct weights and optimum germination temperatures, they
can provide customers with accurate results in a timely manner. This research evaluates
the weights needed for purity and noxious weed seed testing and the optimum
temperature(s) needed for germination.

Multiple seed lots of each species were gathered to determine the weights
required for a purity and noxious analysis. Following the steps laid out in the AOSA
Rules to calculate weights, eight replications of 100 seeds were counted out from each
sample and weighed. The average weights of the replications, minimum weight for a
purity and noxious analysis, and the number of seeds per gram were determined for each

species. The average weight for 100 stiff goldenrod pure seed units was 0.0548 grams.
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The weight required for a purity and noxious analysis were 1.4 and 14 grams,
which provides approximately 2500 pure seed units for a purity and 25,000 seeds for a
noxious exam. The number of seeds per gram was 1824.7391. River bulrush had an
average weight of 0.6516 grams per 100 pure seed units. The weight needed for a purity
and noxious exam were 16 and 160 grams. River bulrush contained 153.4794 seeds per
gram.

A thermogradient table was used to evaluate the optimum temperature for
germination of the selected species. The thermogradient table allowed multiple
temperatures to be tested at once. The temperatures created with the thermogradient table
were 13°C, 17°C, 19°C, 22°C, 23°C, 24°C, 26°C, 27°C, 28°C, 30°C, 31°C, and 32°C. In
addition, six germinators set to temperatures typically used for species in the AOSA
Rules were used. These temperatures included three constant temperatures (15°C, 20°C,
25°C) and three alternating temperatures (15-25°C, 15-30°C, 20-30°C). A total of 18
temperatures were assessed. Four lots were chosen for each species. Four replications of
50 seeds from each lot were planted at every temperature evaluated. Stiff goldenrod
exhibited the highest germination at a constant 25°C with an average germination 63.8%.
River bulrush exhibited the highest germination of 2.5% at the alternating temperature

20-30°C.



I. INTRODUCTION

The market for native seed is growing due to the interest of habitat restoration
projects due to fires and floods, USDA programs to address at-risk acreages from water
and wind erosion, and restoration of degraded lands (soils). With the increase in interest,
seed testing laboratories are seeing more species that do not have standardized testing
procedures published in the Association of Official Seed Analysts (AOSA) Rules for
Testing Seeds. Seed companies and producers rely on seed testing laboratories to provide
test results in a timely manner and provide accurate results. Customers need accurate and
timely results so they can label their seed lot with the appropriate information and ship to
markets in a timely manner. Seed lots sold in the United States must be labeled according
to state and federal seed laws, which require a purity analysis providing the percentage by
weight of pure seed, weed seed, other crop seed, and inert matter, the percentage of total
viable seed (% germination + % dormant + % hard seed), and the kind and rate of any
noxious weed seed found in the noxious exam.

Currently, there are hundreds of species with standardized testing procedures in
the AOSA Rules, and even more that do not. The increased interest in native species for
habitat restoration or other purposes means seed testing laboratories are receiving more
and more species without standardized testing procedures. Without standardized testing
procedures for many native species, seed testing laboratories are providing customers
with results that vary from one seed testing lab to another, causing an uneven playing
field for companies selling those seeds. Standardized testing procedures ensure that all
labs are using the same methods, providing less variation from lab to lab, while currently

many different methods are being used with these species, and the industry tends to use



labs that provide higher results. Purity and noxious analysis sample sizes and optimum
germination temperature and testing methods are not standardized or studied for many of
these native species. Purity and noxious analyses require a minimum weight of seed to be
examined within the test, a minimum of 2500 pure seed units in a purity analysis, and a
minimum of 25,000 pure seed units in the noxious exam (which includes the purity
analysis sample size).

Reporting the germination for many of these species is difficult due to the lack of
knowledge on how to test them and at which temperature optimum germination occurs.
There is still a lack of understanding of the requirements needed for germinating a
tremendous number of native species. Native species can have very different levels and
types of dormancy that need breaking before germination can take place. Many seed
testing laboratories do not have the experience or the equipment to evaluate the wide
variety of native species being used in various projects. Creating standard and optimum
germination procedures for species not in the AOSA Rules can improve the results
reported to producers and consumers.

Stiff goldenrod and river bulrush are two among the hundreds of species without
standardized testing procedures. The intention of this experiment is to determine the
weights required to conduct an official purity and noxious analysis on stiff goldenrod and
river bulrush. The dormancy and germination requirements of these two species are not
well understood. The goal of this research is to identify an optimum germination method,
and appropriate weights for testing of these two species, which can be used in developing

a standardized testing procedure.



Il. LITERATURE REVIEW

Purity and Noxious Analyses

Seed testing labs in the United States follow the AOSA Rules for Testing Seeds to
conduct analyses of crops for labeling information. To accurately test crops, it is
important to understand how many seeds are in a gram on average. This is used to
determine the weight required for purity and noxious analyses. A purity analysis is based
off the approximate weight of 2500 pure seed units and a noxious analysis based off a
minimum of 25,000 pure seed units, with a maximum of 500 grams required for a
noxious weed seed exam (AOSA, 2021). A purity analysis provides the percent pure
seed; the kind, number, and percent of other crop seeds; the kind, number, and percent of
weed seed; and percent inert matter. To determine what is pure seed, the seed analysts
must understand the many different definitions of pure seed units found in the AOSA
Rules for Testing Seeds. A pure seed unit for stiff goldenrod is considered an intact
achene with or without pappus or seed coat and contains some extent of embryo
development that is detectable (AOSA, 2021). A pure seed unit for river bulrush is an
intact achene that does or does not have a seed present. River bulrush can be missing its
seed coat. It can have these structures present, or be missing the beak, bristle, hairs,
pappus, or wing (AOSA, 2021). For both species, a broken seed is considered pure seed
as long as it is larger than one-half the original size. A noxious analysis provides the
customer with information of the kind and number of noxious weed seeds found in the
representative portion of the seed lot analyzed. The analyses are crucial and provide
required information for labeling purposes.

Germination Examination



When conducting a germination exam, it is useful to know the optimum
temperature needed for a crop to reach optimum germination within the shortest time
possible. The requirements needed for many native seeds to germinate are poorly
understood. However, the idea of using seed for revegetation is a more economical option
than using vegetative propagules (Marty and Kettenring, 2017). Since there are not any
standardized testing procedures for stiff goldenrod and river bulrush in the AOSA Rules
for Testing Seeds, it would be valuable to research and create standards for the benefit of
companies and consumers who are working on restoration projects, as well as seed
testing laboratories who are performing analyses on the two species.

Seed testing laboratories use various methods to germinate species. They often
use multiple germination chambers set at different temperature regimes to accommodate
most of the species they receive for testing. The germination chambers can operate at a
constant or alternating temperature regimes. The most common temperatures used in the
SDSU Seed Testing Laboratory are 15°C, 20°C, 25°C, 15-25°C, 15-30°C, and 20-30°C.
Alternating temperature chambers are set at the lower temperature for 16 hours, followed
by the higher temperature for 8 hours, which simulates daytime/nighttime temperature
fluctuations in nature. During the high temperature, lights can be set to come on during
the high temperature period, or longer, simulating the darkness/light period of a 24-hour
period. The chambers can be easily changed to accommodate species with differing
temperature requirements. A pre-chill chamber, essentially a refrigerator at 5-10°C, aids
with breaking dormancy. A pre-chill can be necessary for newly harvested crops or
required because of the standardized testing methods. The chambers have either LED or

fluorescent lights set to be on for eight hours and off for sixteen. The AOSA Rules for



Testing Seeds states the minimum required lumens is between 807 and 1346 (AOSA,
2021). The lights can also be set to any desired or required time period. This helps signify
day and night, and sometimes is needed to aid in breaking dormancy. Some species need
to be germinated in the dark, as light will delay or inhibit germination.

A variety of wetting agents can be used on the planting media to induce
germination, or aid in breaking easily broken dormancy. The two most commonly used
wetting agents are potassium nitrate (KNO3) and water. Water used in seed testing
laboratories should be purified if needed as tap water can vary from lab to lab, which can
cause results to vary. The water pH should be between 6-8 as anything higher or lower
may inhibit germination of some species. Growth chemicals such as gibberellic acid
(GA3) and ethylene gas are occasionally required to break dormancy.

The current germination method currently used in the SDSU Seed Testing
Laboratory for stiff goldenrod is planting the seeds on top of two blotters moistened with
deionized water and placing the seeds in the 20-30°C chamber. A 7-day first count is
performed and a 14-day final count. The lab observes some germination with this
method, but many of the seeds do not germinate. After the final count, the ungerminated
seeds are subjected to a tetrazolium (TZ) test to determine the percent dormancy of
ungerminated seed.

The methods for river bulrush being used at the SDSU Seed Testing Laboratory is
planting the seeds on top of two blotters moistened with water and placing the seeds in
the 15-30°C germination chamber after a 7-day pre-chill at 5°C. After the 7-day pre-chill,
a first count is conducted 7-days after being placed in the germinator, and a 14-day final

count. The test takes 21 days in total, and a TZ test is used after the completion of the



germination exam to determine the percent dormancy of ungerminated seed. The lab
observes very little germination but high dormancy rates with the current method.
Tetrazolium Testing

TZ testing is primarily utilized in seed testing for various reasons. A TZ test
conducted first on 200 seeds prior to germination allows seed testing laboratories to
quickly evaluate whether a seed sample is viable or not, and it provides an estimated
potential germination capability. TZ testing is the best method available for determination
of dormant seeds in a germination test after the completion of the germination period as
the ungerminated seeds are subjected to a TZ test as recommended by the AOSA Rules
for Testing Seeds. Essential seed structures (cotyledon(s), roots, shoots, etc.) in non-
germinated seed that stain red/pinkish are considered viable after germination and
reported as dormant seed.

To determine if seeds are viable but dormant, they are cut or nicked with a razor
and placed in tetrazolium solution. This colorless TZ solution contains 2, 3, 5-triphenyl
tetrazolium chloride (TTC) and water, which is measured to form a 1% TZ solution. The
reduction of TTC creates formazan, which is carmine red in color. This reaction stains the
actively respiring tissues a reddish-pink color suggesting the seed is viable (Tetrazolium
Testing Handbook, 2010). The staining of seed is dependent on the species and their
tissues. The embryo will stain if the seed is viable. However, the endosperm (non-living
tissue) will not stain in all grass species. Outside the grass family, some species have
living endosperm and others have non-living.

Seed Dormancy



One obstacle seed testing laboratories experience when working with various
native seeds is seed dormancy. The AOSA defines seed dormancy as “the physical or
physiological condition of a viable seed that prevents germination from occurring even in
the presence of otherwise favorable germination conditions” (Tetrazolium Testing
Handbook, 2010). Dormancy is very common in native species because dormancy allows
these species to maintain a presence in the habitat over time. Dormant seeds can remain
in the soil for years before the right conditions exist, allowing it to germinate.

Seeds can exhibit different types of dormancies. Many seeds can be impacted by
exogenous or endogenous dormancy. The AOSA explains that a seed experiences
exogenous dormancy when the germination requirements (water, oxygen, temperature,
etc.) are not met or when expansion and growth are constrained due to an impermeable or
thick seed coat. Endogenous dormancy occurs more frequently in native species and is
caused by physiological properties inhibiting it from germinating, such as an imbalance
of abscisic acid (ABA) and GAs. Seeds can also exhibit a combination of different
dormancy mechanisms.

Thermogradient table

A thermogradient table may be used help to determine the optimal temperature(s)
for germination. The thermogradient table allows for germination testing across multiple
temperatures to be tested at the same time along with multiple lots. The table can provide
a broad range of temperatures at once, allowing an evaluation of multiple germination
regimes in a shorter period of time. The table has insulated sides, bottom, and lids to help
maintain the temperature inside. The table works by having two circulating baths, one at

each end of the table. One bath is refrigerated and the other heated (see Figure 1 in the



Appendix). The baths can be filled with different liquids depending on the temperature
range needed. Typically, an equal mix of water and antifreeze is used, which enhances
the exchange of heat and reduces the chance of the water lines freezing (Welbaum et al.,
2016). Each bath has lines that run under the special aluminum alloy plate surface,
causing a temperature gradient to form across the table from the cold end to the warm end
(see Figure 2 in the Appendix). Once the water baths are prepared, the table should be
given 24 hours to equilibrate and reach the chosen temperatures. To reduce condensation
within the germination boxes on the warm side of the table, it is recommended to use
smaller temperature ranges and perform multiple experiments to cover a wider range of
temperatures overall. It should be noted that the warmer side of the table will need to be
monitored and watered more often than the cooler side (Welbaum et al., 2016).

Stiff Goldenrod (Solidago rigida)

Stiff goldenrod is a native perennial plant in the Asteraceae family. It can
commonly be found in prairies and woods across the United States (USDA Planting
Guide). Most stiff goldenrod samples received by the SDSU Seed Testing Laboratory are
received from Minnesota. Stiff goldenrod can be used in a variety of locations including
ditches, prairie restoration projects, gardens, or in wildlife habitats (USDA Planting
Guide). Stiff goldenrod has been observed to attract many insects including butterflies,
bees, ladybirds, lacewings, and hoverflies (Brown, 2002). It has been noted that different
types of birds and small rodents feed on stiff goldenrod seeds (Brown, 2002). Figure 3
shows the details of stiff goldenrod seed under the microscope.

It has been suggested that there is a relationship between seed traits and

germination. Barak et al. (2018) states that rounded seeds typically germinate slower than



elongated seeds. From this statement, the assumption that stiff goldenrod seeds should
germinate rapidly compared to other seeds can be concluded. However, elongated seeds
do not persist in the soil as long as rounded seeds (Barak et al., 2018). This suggests stiff
goldenrod has a harder time maintaining a presence in its native habitat. It emphasizes the
need for finding the optimum germination temperature for stiff goldenrod so that the
restoration efforts are successful. It is important to mention that seed mass can also
impact seed germination (Barak et al., 2018). Seed mass influences seed dispersal, and
likely influences the germination potential, as larger seeds would have more cotyledonary
reserves. Lighter seeds are capable of traveling a farther distance than heavier seeds,
which can impact the competition found in an environment. As long as there are
established populations of stiff goldenrod, there is an advantage for spread and expansion
of the population.

One can find very few previous studies on the germination of stiff goldenrod, and
of the few studies conducted, many were performed in greenhouse or field settings.
According to Nuzzo (1976), stiff goldenrod takes about a week to observe germination,
but only takes approximately two weeks to reach peak germination. In the study
conducted by Hillhouse and Zelder (2011), stiff goldenrod experienced peak germination
later than many other native species in the study. It did reach peak germination by 16
days. Nuzzo (1976) subjected the stiff goldenrod to greenhouse daytime temperatures of
21° to 32°C and nighttime temperatures 4° to 21°C. The seeds were subjected to a ten-
week dry stratification process, and then planted in a 50/50 mix of potting soil and silica
sand (Nuzzo, 1976). The stiff goldenrod seedlings performed well in the field after being

transplanted and flowered within two years of being transferred; however, stiff goldenrod
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is unlikely to perform well in the field if directly seeded (Nuzzo, 1976). Stiff goldenrod
experienced only a 0.3% emergence rate in the field even though it had a germination rate
of 55.5% (Hillhouse and Zelder, 2011). A study conducted by the New England
Wildflower Society compared directly planting stiff goldenrod outside compared to cold
stratification before planting. They planted 100 seeds three months after harvest outside,
while an additional 100 seeds were placed in a refrigerator for 12 weeks. After 12 weeks,
the seeds were planted outside. The seeds planted right away after harvest only
experienced 15% germination. The seeds that underwent cold stratification before they
were sown reached 50 to 68% germination (Brown, 2002).

River Bulrush (Bolboschoenus fluviatilis)

River bulrush is a native grasslike perennial plant found on the banks of many
bodies of water across the United States. It is in the Cyperaceae family. River bulrush
seeds and roots are consumed by waterfowl, and it provides a spawning habitat for some
fish species (Illinois Planting Guide, 2004). River bulrush can spread through seeds or
rhizomes (Kettenring et al., 2019). It is used in restoration projects of shorelines to reduce
erosion (lllinois Planting Guide, 2004). The majority of river bulrush samples received by
the SDSU Seed Testing Laboratory are from producers in Minnesota. Figure 4 in the
Appendix displays seed characteristics of river bulrush seed under the microscope.

There is limited existing literature on the germination and growing of river
bulrush. However, other related species have been studied. Bolboschoenus maritimus,
Schoenoplectus acutus, and Schoenoplectus americanus are grown in similar
environments as river bulrush. The ability to break seed dormancy and germination has

been studied for these species. Marty and Kettenring (2017) performed two experiments.
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The first experiment evaluated cold stratification followed by germination. In addition to
cold stratification, they performed a germination study with the seeds subjected to a
saturated and flooded environment. B. maritimus was significantly impacted by the
stratification, source site, and moisture, and S. acutus was only impacted by the
stratification and source site (Marty and Kettenring, 2017). The germination of S.
americanus was not different between the various treatments. The study found that the
stratification treatment of 180-days produced the highest germination (Marty and
Kettenring, 2017). River bulrush can be established with seed and needs to experience
cold and moist stratification to germinate (Illinois Planting Guide, 2004). Barak et al.
(2018) suggests that cold stratification can increase germination because it can help break
dormancy in native species.

Another method applied to increase germination in these species was
scarification. Marty and Kettenring (2017) performed a second experiment where they
evaluated using sulfuric acid, bleach, and water soak to break dormancy. The chemical
scarification with bleach produced higher germination for two of the three species.
Wagner and Oplinger (2016) performed mechanical and chemical scarification on four
different species. Of the four species studied, two are related to river bulrush,
Schoenoplectus americanus and S. acutus. Mechanical scarification was achieved by
rubbing the seeds over sandpaper for three minutes. The chemical scarification involved
the seeds soaking in bleach for one day or five days (Wagner and Oplinger, 2016). There
was some improvement in germination with the five-day bleach treatments for both
Schoenoplectus spp. used in the study, but mechanical scarification provided little to no

difference in germination.
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Since there is evidence of waterfowl feeding on river bulrush, a study evaluated
the germination of three related species collected from the gizzards of waterfowl. The
three species evaluated in this study were B. maritimus, S. acutus, and S. americanus. The
bulrush seeds were collected from mallard gizzards. Kettenring et al. (2019) found that
the seeds collected from the gizzards experienced high germination. The seeds were
germinated under a constant daytime temperature of 35°C and a constant nighttime
temperature of 28°C. B. maritimus reached 33.0+7.8% germination, and since S. acutus,
and S. americanus could not be visually separated, they reached a combined germination
of 59.3+16.7% (Kettenring et al., 2019). As waterfowl consume bulrush seeds, they are
helping with the spread and germination of these species. It may be necessary to use
processes such as chemical or physical scarification that imitate the seeds passing through
the gizzards of waterfowl to increase germination.

Various temperature regimes have been used in these studies. Marty and
Kettenring (2017) used a growth chamber set to 35°C for 12 hours and 18°C for 12 hours.
These temperatures were chosen based off of the average summer temperatures found in
the Great Salt Lake wetland area. Wagner and Oplinger (2016) experienced higher
germination with S. acutus when using fluctuating temperatures. The highest germination
experienced was 50-54% with the fluctuating temperatures 32°C and 38°C. In order to see
river bulrush germinate, it may be necessary that a combination of cold stratification,

chemical scarification, and high temperatures be utilized.
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1. MATERIAL AND METHODS

Determining the weights

Samples used for determining the weights were collected from the South Dakota
State University Seed Testing Laboratory and Agrecol Native Nursery. A total of 29 stiff
goldenrod samples were used. River bulrush had a total of 18 samples. Following the
procedure set forth in Section 13 of the AOSA Rules for Testing Seeds Volume 1 (2021),
the weights required for stiff goldenrod and river bulrush were determined. Eight
replications of 100 pure seeds were counted from a working sample. Each replication of
100 seeds was weighed to four decimal places. The mean, variance, standard deviation,
and coefficient of variation (CV) were calculated from the eight replications. The CV
cannot exceed 4.0 for non-chaffy seeds and 6.0 for chaffy seeds. According to the AOSA
Rules for Testing Seeds (2021), a chaffy seed consists of “seed units that adhere to other
seed units or other seed units or other surfaces because of their structure or texture,
making it difficult to sample a seed lot or mixture and divide a representative working
sample.” If the CV is exceeded, an additional eight replications must be counted and
weighed. A new standard deviation is determined from the 16 replicates. If a replicate
diverges from the mean by more than twice the standard deviation, it must be removed. A
new mean is calculated from the remaining replicates. The weight for a purity and
noxious analysis is determined by the following equations:

weight for purity analysis = mean weight of replications x 25
weight for noxious analysis = purity analysis weight x 10

Germination
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Four different seed lots of stiff goldenrod were used in this study to identify an
optimum temperature for germination. The lots used in this study came from customers in
Minnesota of the SDSU Seed Testing Laboratory. Lot 10954 and 11466 originated in
MN. The age of the lots is unknown, but the SDSU Seed Testing Lab received Lot 10954
in June 2020 and Lot 11466 in May 2018. Lot 5955 and 9183 originated in Sherburne
CO., MN and received in July 2021 and January 2020 respectively. Three seed lots of
river bulrush received by the SDSU Seed Testing Laboratory for testing, and one which
was donated from Agrecol Native Nursery were used in the study. Lots 3028, 8259, and
9377 originated in Sherburne CO., MN. The lab received the lots in January 2019,
December 2019, and February 2020 respectively. The lot donated by Agrecol Native
Nursery was produced in MN, and according to the label provided, it was tested in Mach
2021. For both species, the exact age of the lots is unknown. Only the date received in the
lab is provided. The samples were cleaned to obtain pure seed units as defined by the
AOSA Rules for Testing Seeds.

A preliminary TZ test was conducted on 25 seeds to determine the viability of all
the seed lots. The preliminary TZ test was conducted on 25 seeds due to the limited
amount of seed available. Table 3 and Table 13 show the estimated viability from the
preliminary TZ test for the two species. Four replications of 50 seeds were counted out
for germination at each temperature regime used in the study. Six seed germinators and a
thermogradient table were used to conduct the germination study. The six germinators

were set to temperatures commonly used in seed testing, which include 15-25°C, 20-

30°C, 15-30°C, 15°C, 25°C, and 20°C. For the alternating temperatures, the seeds
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experienced nighttime temperatures for 16 hours and daytime temperatures for 8 hours.
Lights, with a minimum 807 lumen, were on for 8 hours during the set daytime hours.

A thermogradient table was set up with a cold-water bath at one end and warm
water bath at the other. The warm water bath had a 50/50 mixture of water and glycol.
Figure 1 displays how the thermogradient table was setup. The thermogradient table had
to be split into two experiments because setting the baths from 5°C to 40°C caused the
warm end of the table to dry out extremely fast and condensation to be present on the
germination box lids. To create the first temperature gradient, the baths were set at 5°C
and 25°C. This produced six temperatures 24°C, 23°C, 22°C, 20°C, 17°C, and 13°C plus
or minus one degree. The second temperature gradient was created with the baths set at
25°C and 40°C. This produced six temperatures 32°C, 31°C, 30°C, 28°C, 27°C, 26°C plus
or minus one degree. AOSA Rules for Testing Seeds (2021) require germinator
temperatures to be plus or minus 1°C. Location temperatures were determined by using a
surface thermometer placed in the middle of the blotter on each “column/temperature
line” on the thermogradient table. After the table was allowed to equilibrate for 24 hours,
the replications of seed were planted in 4-inch x 4-inch boxes on top of two blotters
saturated in deionized water. Due to limited space on the thermogradient table a
randomized complete block design was used. Figure 2 demonstrates how the germination
boxes were placed inside the thermogradient table. Lights were used in all the
germinators and thermogradient table. The lights, with a minimum of 807 lumens, were
on for 8 hours and off for 16 hours to designate day and night.

Germination was checked once a week for four weeks. The first count occurred

after seven days. Normal seedlings, as defined by the ASOA Rules for Testing Seeds
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(2021), were pulled off every week, and the blotters within the boxes were re-watered
with deionized water. The boxes were watered as needed in between checks due to the
condensation and warmer temperatures. After 28 days, a final count was performed. The
ungerminated seeds were subjected to a TZ test to determine the percent dormancy. Since
stiff goldenrod has a permeable seed coat, the ungerminated seeds were placed directly
into 1% TZ solution without being nicked. The stiff goldenrod seeds were placed in an
oven set at 35°C for 4-6 hours. The seeds were removed from the TZ solution and seed
structure staining or lack of staining was evaluated under the microscope to identify
whether the seed was dormant or dead. The ungerminated river bulrush seeds were cut
lengthwise and placed in 1% TZ solution. The river bulrush seeds do not stain as readily
as the stiff goldenrod, so they were left to stain overnight in the oven at 35°C. The seeds
were removed from the solution and evaluated under the microscope. This whole process
was repeated with the water baths set at 25°C and 40°C and in the six germinators.

A statistical analysis was conducted on the stiff goldenrod and river bulrush
germination studies using R version 4.2.3 and the ANOVA command. The p-value for all

analysis was equal to 0.05. The normality assumptions for ANOVA were met.
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IV. RESULTS AND DISCUSSION
Weights for Analyses

Stiff Goldenrod

Table 1 displays all the lots and replications of stiff goldenrod used for
determining the weights for a purity and noxious analysis. Table 1.1 shows the lots that
had a CV higher than six and had an additional eight replications counted out. The CV
greater than six could be explained by variation in seed size and missing pappus or seed
coat from some seed lots analyzed. Figure 3 visually shows the variations in stiff
goldenrod seeds. Some of the seeds have pappus, some have partial pappus, and others
are missing it completely. There are differences in size. Variations between lots can be
explained by growing conditions, harvesting conditions, and handling conditions.

Table 2 summarizes the minimum weights that were calculated for purity and
noxious exams on stiff goldenrod. From the 29 samples of stiff goldenrod counted and
weighed, the average weight of all the replications was 0.0548 grams. Using the formula
provided, the minimum weight required for a purity analysis is 1.3701 grams and 13.7006
grams for a noxious analysis. The AOSA Rules for Testing Seeds (2021) notes that a
weight less than five grams should be rounded to the nearest tenth. Following this
statement, stiff goldenrod requires 1.4 grams for a purity analysis and 14 grams for a
noxious exam. The average weight of seeds per gram was calculated to 1824.7391 seeds.
One ounce of seed contains approximately 51,000 seeds. One study found 41,000
seeds/ounce (Brown, 2002). Another study suggests there is approximately 770,000

seeds/pound (USDA Planting Guide), which is approximately 48,000 seeds/ounce.
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However, neither of these studies explain how this was determined or how many different
lots were used to determine the number of seeds per ounce.
River Bulrush

Table 11 summarizes information used to determine the weights for river bulrush.
Table 11.1 presents the lots that had a CV greater than four, which required additional
replications to be counted and weighed. The variability in replications causing the CV to
be greater than four can be explained by the variation in seed size and unfilled seeds.
According to the pure seed unit definition for river bulrush, a filled or unfilled seed is
considered pure seed when there is not an opening present to determine that. Figure 4
displays the variation in seed size one seed lot can experience. The image also shows
some seeds still have their bristles intact, and others are missing bristles most likely from
being rubbed off during harvest or the handling of the seed.

Table 12 summarizes the minimum weights that were calculated for purity and
noxious exams on river bulrush. From the 18 samples of river bulrush, the average weight
for the replications was 0.6516 grams. The minimum weight for a purity analysis is
16.2888 grams and 162.8881 grams for a noxious analysis. The AOSA Rules for Testing
Seeds (2021) suggests that any weight over five grams should be rounded to the nearest
whole number. The minimum weight to be used by seed testing labs is 16 grams for a
purity analysis and 160 grams for a noxious analysis. In one gram, river bulrush
contained on average 153.4796 seeds.

With the purity and noxious weights determined for stiff goldenrod and river
bulrush, rule proposals for the two species can be presented to the AOSA. The AOSA can

accept these proposals to create standards for all seed testing labs to follow.
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Germination

Stiff Goldenrod

Table 4 presents a summary of the mean percent germination, dormancy, and total
viability for each of the four seed lots and the 18 temperatures. According to the AOSA
Rules for Testing Seeds, the variation between replications were all within tolerance. The
mean germination percentages varied from 0% to 79.5%. The mean dormancy percentage
varied from 0% to 58%. The highest germination observed occurred at a constant
temperature of 25°C.

ANOVA was used to evaluate if any of the temperatures were statistically
different. The p-value was <2e-16, which is very small. This suggests there is a
significant difference between the temperatures. Tukey’s W was used to compare the
germination means of the different temperatures. Table 7 summarizes the results from
using Tukey’s W. There was no significant difference (p<0.05) between the constant
temperature 23°C, 24°C, 25°C, and the alternating temperatures 20-30°C, 15-25°C, and
15-30°C. This suggests that stiff goldenrod can germinate at constant or alternating
temperatures. The six temperatures that were not statistically different all fall in the range
of temperatures used in the study by Nuzzo (1976). Nuzzo (1976) germinated stiff
goldenrod in a greenhouse with day-time temperatures ranging from 21-32°C and
nighttime temperatures ranging from 4-21°C.

The low germination and dormancy at the constant temperatures 28°C, 30°C,
31°C, and 32°C is possibly due to the warmer temperatures adversely impacting seed

longevity during the germination period. The low germination but high dormancy at the
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temperatures 13°C, 15°C, 17°C, 19°C, 20°C, and 22°C suggest that these constant
temperatures are too cool for germination to occur for this species.

The goal of seed testing laboratories is to provide accurate results in a timely
manner. Performing a germination exam that lasts multiple weeks is not ideal for
reporting germination to customers. Shorter germination periods can help limit the
amount of mold growth on the blotters, which could kill viable seeds. The germination
data at each count for the six temperatures that were not statistically different were
evaluated to determine if there is a statistically significant difference between counts.
Table 10 summarizes the comparisons of the four counts. There was no statistical
difference (p<0.05) between counts at 28 days, 21 days, and 14 days. With that being
said, seed testing laboratories can stop the germination exam at 14 days and still
experience a high germination percentage. Nuzzo (1976) observed peak germination of
stiff goldenrod at 14 days. Since there is no statistical difference, stopping the
germination exam at 14 days would allow seed testing labs to provide customers with
results in a timely manner compared to running the exam for 21 or 28 days.

While the four seed lots used in this experiment varied in age, none of the seed
lots were freshly harvested. Further studies should be conducted to determine whether a
pre-chill would be necessary for freshly harvested seed.

The AOSA also accepts rule proposals for germination methods. Before a rule
proposal can be made for the germination methods for stiff goldenrod, a referee test
needs to be conducted. A referee test involves multiple seed testing labs who voluntarily
test the proposed germination methods. It is important to see if the identified methods can

produce similar results in other labs.
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River Bulrush

Table 14 presents a summary of river bulrush’s mean percent germination,
dormancy, and total viability. River bulrush experienced germination under the
alternating temperatures 15-25°C, 15-30°C, and 20-30°C, and the species also germinated
at the constant temperature of 30°C. Although there was germination, it was a very small
percentage, basically insignificant. The low viability of the lots can be explained by the
age of the lots, insect damage, and poor pollination causing empty seeds. Table 17
summarizes the mean comparisons for river bulrush. The only temperature significantly
different (p<0.05) from the other temperatures was 20-30°C. Considering there was little
to no germination, no comparison was conducted between counts.

It is not surprising to see germination at the alternating temperatures as previous
studies have shown germination of related species using alternating temperatures.
Wagner and Oplinger (2016) evaluated two different alternating regimes. The two
Schoenoplectus spp. experienced the highest germination at 32-38°C and little to no
germination at 40-46°C. The few seedlings that emerged at the temperature regime 40-
46°C died, especially when exposed to 12 hours of light (Wagener and Oplinger, 2016).
The germination at alternating temperatures suggests river bulrush may require shrinking
and swelling of its seed coat to allow for the uptake of water. River bulrush might
experience increased germination if the seed treatment included scarification or
stratification techniques.

The variability of dormancy between the lots can possibly be explained by the age
of the seed lots, insect damage, and empty (unfilled) seed units in some lots. However,

ANOVA was performed on the dormancy of river bulrush at different temperatures. The
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p-value was 0.937, which means none of the temperatures are significantly different in
breaking dormancy.
Future Work

Further investigation needs to occur for river bulrush’s germination methods
before a proposal can be made to the AOSA. Since river bulrush is found growing on the
banks of rivers and lakes, river bulrush could experience more germination with moist
soil compared to just blotters. Soaking the seeds in water before planting showed
promising results in other published studies. Common methods typically used in seed
testing labs are using a pre-chill and KNOgz as a wetting agent.

Many of the published studies involving related species used warmer
temperatures than the temperatures established in this experiment. Testing warmer
constant temperatures and warmer alternating temperature regimes may improve
germination. 20-35°C is another common temperature used in seed testing labs, which
river bulrush could germinate at. Using a pre-chill is a common practice in seed testing

labs, testing different lengths of pre-chill.



23

LITERATURE CITED

Association of Official Seed Analysts. 2021. Rules for Testing Seeds.
Association of Official Seed Analysts. 2010. Tetrazolium Testing Handbook.

Brown, Lauren. 2002. Solidago rigida L. (Stiff Goldenrod) New England Plant
Conservation Program Conservation and Research Plan for New England. New
England Wild Flower Society, Framingham, Massachusetts, USA.

http://www.newfs.org

Barak, Rebecca S., Taran M. Lichtenberger, Alyssa Wellman-Houde, Andrea T. Kramer,
and Daniel J. Larkin. "Cracking the case: Seed traits and phylogeny predict time
to germination in prairie restoration species.” Ecology and evolution Vol. 8, No.
11 (2018): 5551-5562.

Hillhouse, Heidi L. and Zelder, Paul H. “Native Species Establishment in Tallgrass
Prairie Plantings.” The American Midland Naturalist VVol. 166, No. 2 (2011): 292-
308.

Kettenring, Karin M. "Viability, dormancy, germination, and intraspecific variation of
Bolboschoenus maritimus (alkali bulrush) seeds.” Aquatic Botany 134 (2016): 26-
30.

Kettenring, Karin M., Bret N. Mossman, Rebekah Downard, Karen E. Mock. “Fine-scale
genetic diversity and landscape-scale genetic structuring in three foundational
bulrush species: implications for wetland revegetation.” Restoration Ecology Vol.

27, No. 2 (2019): 408-420.



24

Marty, J.E., and Ketternring, K.M. "Seed dormancy break and germination for restoration
of three globally important wetland bulrushes.” Ecological Restoration Vol. 35,
No. 2 (2017); 138-147.

River Bulrush. USDA Natural Resources Conservation Services. Illinois Native Plant
Guide. December 1997 (revised May 2004).

Nuzzo, Victoria. "Propagation and planting of prairie forbs and grasses in southern
Wisconsin.” In Proceedings of the Fifth Midwest Prairie Conference. lowa State
University, Ames, lowa, vol. 230 (1976): 182-189.

USDA Planting Guide Solidago rigida. USDA. 2000.
https://www.nrcs.usda.gov/Internet/FSE_ PLANTMATERIALS/publications/mop
mcpgolrirnoia.pdf

Wagner, E.J., and Oplinger, R.W. “Effect of overwinter hydration, seed storage time,
temperature, photoperiod, water depth, and scarfication on seed germination of
some Schoenoplectu,, Polygonoum, Eleocharis, and Alisma species.” Aquatic
Botany 136 (2017): 164-174.

Welbaum, G.E., Khan, O.S., Samarah, N.H. A Gusseted Thermogradient Table to
Control Soil Temperatures for Evaluating Plant Growth and Monitoring Soil

Processes. J. Vis. Exp. (116), e54647, doi:10.3791/54647 (2016).



APPENDIX

25



' » warmer

by colder «<— temperature gradient : —

Figure 1: The interior view of the thermogradient table. The temperature gradient is

created from left to right. Each column is a constant temperature.
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Figure 2: The exterior view of the thermogradient table with the insulated lids in place.
To create a temperature gradient, the cold water enters the table on the left side, and the

hot water enters the table on the right side.
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Figure 3: An image of stiff goldenrod seed unit variation under the microscope.

Figure 4: An image of river bulrush seed unit variation under the microscope.
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Figure 5: The staining of a non-viable and viable stiff goldenrod seed when subjected to

tetrazolium.

Figure 6: The staining of a nonviable and viable river bulrush seed when subjected to

tetrazolium.
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Table 1.1: Weights and Calculations for Determining the Weights for Stiff Goldenrod for

Seed Lots that had a CV Greater than 6

Sample Number 1878 2673
Rep 1 0.0393 0.0476
Rep 2 0.0395 0.0486
Rep 3 0.0387 0.0435
Rep 4 0.0408 0.0454
Rep 5 0.0368 0.0408
Rep 6 0.0351 0.0421
Rep 7 0.0390 0.0387
Rep 8 0.0323 0.0395
Rep 9 0.0395 0.0450
Rep 10 0.0391 0.0434
Rep 11 0.0359 0.0465
Rep 12 0.0386 0.0434
Rep 13 0.0381 0.0421
Rep 14 0.0375 0.0451
Rep 15 0.0412 0.0422
Rep 16 0.0311 0.0407
Mean 0.0377 0.0434

Std. Dev. 0.0028 0.0028
Std. Dev. *2 0.0057 0.0057
Mean - 0.0320 0.0378
Mean + 0.0433 0.0491
New Mean 0.0381 0.0434
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Table 2: Minimum Weights Calculated for Testing Purity Analysis and Noxious Weed

Seed Exams on Stiff Goldenrod

Calculated Weights (grams)

Average Min.
Weight of | Weight
100 Seeds for
Purity

Min. Seeds Per
Weight Gram
for

Noxious

0.0548 1.37

13.7 1825

Weights Required for Testing (grams)

Minimum Weight for
Purity

Minimum Weight
for Noxious

1.4

14




Table 3: Preliminary TZ Results for Stiff Goldenrod

Seed Lot Viability %

10954 40
11466 44
5955 72

9183 72




Table 4: Mean percentage of germination, dormancy, and total viability for Stiff

Goldenrod at various temperature regimes
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percentages were rounded according to the AOSA Rules

2Samples with an * represent the germination chambers used. The rest of the
temperatures were established on the thermogradient table.



Table 5: ANOVA for Stiff Goldenrod Germination
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Source DF Sum of Squares Mean F Value Pr>F*
Squares
Model 17 27331 1608 28.71 <2e-16
Residuals 270 15120 56
Corrected Total 287 42451
*statistically significant <0.05
Table 6: ANOVA for Stiff Goldenrod Dormancy
Source DF Sum of Squares Mean F Value Pr>F*
Squares
Model 17 13657 803.3 51.4 <2e-16
Residuals 270 4220 15.6
Corrected Total 287 17877

*statistically significant <0.05



Table 7: Mean Comparison using Tukey’s W for Stiff Goldenrod Germination

Temperature | Germination*

25°C 3188 a
20-30°C | 27.19 ab
15-25°C | 26.56 ab
23°C 25.06 abc
24°C 23.88 abcd
15-30°C | 23.88 abcd
26°C 22.19 bcd
20°C 20.56 bcde
22°C 19.63 bcde
27°C 17.00 cdef
19°C 15.38 defg
28°C 11.88 efg
15°C 9.00 fgh
30°C 7.00 gh
17°C 6.69 gh
31°C 1.19

13°C 0.81

32°C 0.00 h

*Means with the same letter are not statistically different at the p>0.05

1Mean germination listed in this table is not a percent, but the average number of seeds
germinated out of 50 seeds.



Table 8: Mean Comparison using Tukey’s W for Stiff Goldenrod Dormancy

Temperature | Dormancy*
13°C 23.6 a
17°C 20.4 a
15°C 19.0 a
19°C 11.0 b
20°C 89 bc

15-25°C 8.1 bcd
22°C 7.2 bcde
15-30°C 4.3 cdef
23°C 4.2 cdef
25°C 4.0 def
24°C 26 ef
28°C 24  ef
20-30°C 2.4  ef
27°C 2.3 f
30°C 1.8 f
31°C 1.7 f
26°C 1.6 f
32°C 0.6 f

*Means with the same letter are not statistically different at the p>0.05

IMean dormancy listed in this table is not a percent, but the average number of seeds
dormant out of the number of ungerminated seeds.



Table 9: ANOVA for Stiff Goldenrod Counts
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Source DF | Sum of Squares Mean F Value Pr>F*
Squares
Model 3 12772 4257 59.42 <2e-16
Residuals 380 27227 72
Corrected Total 383 39999

*statistically significant <0.05

Table 10: Mean Comparison using Tukey’s W for Stiff Goldenrod Counts

Count | Germination*
28 days 26.4a
21 days 25.8a
14 days 235a
7 days 12.1b

*Means with the same letter are not statistically different at the p>0.05

!Mean germination listed in this table is not a percent, but the average number of seeds
germinated out of 50 seeds.
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Table 11: Weights and Calculated Results for Determining the Weights Required for

River Bulrush
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Table 11.1: Weights and Calculations for Determining the Weights for River Bulrush for

Seed Lots that had a CV Greater than 4

Sample Number 11381 3028
Rep 1 0.5964 0.7206
Rep 2 0.5698 0.7325
Rep 3 0.5560 0.6995
Rep 4 0.5404 0.6607
Rep 5 0.6093 0.6599
Rep 6 0.5624 0.6392
Rep 7 0.5974 0.6052
Rep 8 0.4981 0.6511
Rep 9 0.6159 0.6934
Rep 10 0.5612 0.7017
Rep 11 0.5535 0.6878
Rep 12 0.5131 0.7416
Rep 13 0.5968 0.6538
Rep 14 0.6514 0.6512
Rep 15 0.5283 0.6644
Rep 16 0.5364 0.6102
Mean 0.5679 0.6733

Std. Dev. 0.0409 0.0401
Std. Dev. *2 0.0819 0.0801
Mean - 0.4860 0.5932
Mean + 0.6498 0.7534
New Mean 0.5623 0.6733
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Table 12: Minimum Weights Calculated for Purity Analysis and Noxious Weed Seed

Exams on River Bulrush

Calculated Weights (grams)

Average | Min. Min. Seeds
Weight | Weight | Weight Per
of 100 for for Gram
Seeds Purity | Noxious
0.6516 16.3 162.9 153

Weights Required

for Testing (grams)

Minimum Weight
for Purity

Minimum Weight
for Noxious

16

160




Table 13: Preliminary TZ Results for River Bulrush

Seed Lot Viability %

3028 36
8259 24
9377 46

AgRB 44




Table 14: Mean percentage of germination, dormancy, and total viability of River

Bulrush at various temperature regimes

>
— £
SZ| ~| d| | v ® o ~| o &| | ®| V] VB & o = O
S%HHHHHHHNHHHHH —A| N|
S
m
g >
(&)
-]
0| 88| ~| 9 2| v ® o ~ o % 2| ©| O O o o — o ~
- o
[a)
S £
C =
gmooooooooooooooooF|o
O
>
— £
SZ| x| o x| x| | | @ o 2| o @ | N | o v 2| =
gmmmmmmmmmmq-mmq-mc\lvvv
g
N~
5 )
G)CC
=] S8 x| o x| x| x| S| @ @ ® 2 @ S| d | ® 9 @ 2
SEEMNmmmmmmmvmmvmmvvv
)
[a)
S £
© =
ngOOOOOOOOOOOHOONHv
O
>
— £
SE=| m| m o
S S| B B o 1w v o | LW ~ o o © v v ®o 3 o ©
= .8
>
o
0 )
o | ¢
S S| | o
5§EHHoommc»<rm|\c»oocommmc»|\<r
_I -
)
[a)
S €
© =
gmooooooooooooooo‘ac\lv
O
>
2
ngawmmmoamwomamwwmo
gmmmmmmmmvmmvmmmc\lmmm
S
oo}
N >
8c:
PNl SE| m A~ o v w o o9 w ~ o M o « o o | ~
o§§°°N ™| ™ M| | M| o F| M| M ¥ N »| O «
-l o
[a)
S £
<
gaoooooooooooooooc>ﬁm
O
- x| x| ¥
o Ol O O
a1 2 | o] 6 o] o] b o] o]l ol | o ol Ol O] O] O] &| &) s
_OEoooooooooooooooLooo
Sl T | O bl N oS N o | Bl o N o O d N & B @
n A 4| &

Percentages were rounded according to the AOSA Rules

2Samples with an * represent the germination chambers used. The rest of the
temperatures were established on the thermogradient table.



Table 15: ANOVA for River Bulrush Germination
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Source DF Sum of Squares Mean F Value Pr>F*
Squares
Model 17 26.28 1.5460 13.49 2e-16
Residuals 270 30.94 0.1146
Corrected Total 287 57.22
*statistically significant <0.05
Table 16: ANOVA for River Bulrush Dormancy
Source DF Sum of Squares Mean F Value Pr>F*
Squares
Model 17 479 28.16 0.53 0.937
Residuals 270 14339 53.11
Corrected Total 287 14818

*not statistically significant p<0.05



Table 17: Mean Comparison using Tukey’s W for River Bulrush Germination

Temperature | Germination*
20-30°C | 125 a
15-30°C_ {050 b
15-25°C [ 0.25 bc

30°C 006 c
22°C 0.00 c
23°C 0.00 ¢
24°C 0.00 c
26°C 0.00 ¢
27°C 0.00 ¢
28°C 0.00 c¢
31°C 0.00 ¢
32°C 0.00 ¢
25°C 0.00 ¢
15°C 0.00 ¢
20°C 0.00 ¢
13°C 0.00 ¢
17°C 0.00 c
19°C 0.00 ¢

*Means with the same letter are not statistically different at the p>0.05

IMean germination listed in this table is not a percent, but the average number of seeds
germinated out of 50 seeds.



Table 18: Mean Comparison using Tukey’s W for River Bulrush Dormancy

Temperature | Dormancy*
24°C 1331 a
15-30°C 1275 a
15-25°C 1256 a
26°C 1238 a
13°C 12.38 a
23°C 1194 a
17°C 1194 a
19°C 1194 a
22°C 11.88 a
25°C 11.69 a
27°C 1163 a
30°C 11.31 a
20°C 1113 a
28°C 11.00 a
31°C 10.38 a
20-30°C 10.19 a
15°C 8.94 a
32°C 8.06 a

*Means with the same letter are not statistically different at the p>0.05

IMean dormancy listed in this table is not a percent, but the average number of seeds
dormant out of the number of ungerminated seeds.
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