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ABSTRACT

In Hawaii, fountain grass (Pennisefum setaceusn) is an aggressive, fire prone

invader that out-competes native flora and forms monotypic stands with large

amounts of dead mass that fuels fires. Wildfires eliminate native dry forest
species and contribute to further spread of alien grasses, creating a grass/fire
cycle. The presence of a fountain grass seed bank can increase the possibility of
the reestablishment of this alien grass.Meanwhile, restoration efforts can benefit
from the presence of native seeds in the seed bank. The goals of this study were:

1. to test the basic germination requirements of P. setaceum 2. to determine the
seed bank composition in a degraded dry forest site, 3. to test the effectiveness of
prescribed fire and large-scale aerial herbicide treatment in removing/suppressing
fountain grass seed banks. Laboratory germination trials showed that P. setaceum
does not require light for germination and seedlings can emerge from at least 5 cm
soil depths. However, awns on the dispersal unit imply fountain grass may form
predominantly surface layer seed banks. The soil seed bank at the study site is
dominated by non-native species. Of the 23 species germinated from the seed
bank, 3 native species and 20 alien species emerged; 3 of the alien species are
grasses, 14 are herbaceous weeds, and 3 are woody species. Pennisetum setaceum
forms a patchy seed bank with a maximum density of 2040 seeds/m’.Field and lab
tests show that fire and heat, respectively, are effective in killing fountain grass
seeds. However, the heterogeneity of lava fields on which fountain grass occurs

may provide refugia for seeds during fire events. While not statistically
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significant, some trends are evident in the data. The P. setaceum seed bank is
reduced after the passage of fire, and input of seeds into the seed bank is
suppressed by herbicide treatment. The sampling methodelogy employed is not
robust enough to show differences in the seed bank after treatment. Smaller sub
plots within the research site may be more appropriate to show treatment effects.
Given the paucity of native species present in the seed bank, native seed

augmentatioh will be necessary for restoration.
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CHAPTER 1

Introduction and Literature Review

INTRODUCTION

Dry forests have been recognized as one the world’s most endangered ecosystems
(Janzen 1986, Khurana and Singh 2001) and Hawaii’s dry forests are no exception.
Today, 90% of Hawaii’s original dry forests have been lost (Mehrhoff 1993, Bruegmann
1996). Dry forests in Hawaii occur on the leeward slopes of the main islands as well as
above the iniversion layer on the islands of Hawaii and Maui (Stemmerman and Thsle
1993). These dry forests were once host to some of the world’s most unique and diverse
flora (Rock 1913). Today, the dry forests of Hawaii are fragmented and degraded by

deforestation, development, fire, non-native ungulates, and alien plant invasion (Cuddihy

and Stone 1990, Stemmerman and Thsle 1993, Bruegmann 1996, Gagne and Cuddihy

1999 ). The North Kona region of the island of Hawaii contains the largest remaining
lowland dry forest remnants in Hawaii. However, not all of the Hawaiian dry forest -
species are represented in these fragments; rather they are a small representation of the
more common dry forest-species (Cabin et al. 2000). There is little hope for the
remaining dry forests of Hawaii without aggressive management, including
reintroduction of native species (Stemmerman and Thsle 1993; Cabin et al. 2002), and
alien species control.

Many areas of the leeward side of the island of Hawaii that once contained dry
forest species are now subject to the threat of fire (Blackmore and Vitousek 2000). Most
of these fires are attributed to infestation of fountain grass, Pennisetum setaceum,

(nomenclature follows Wagner ef al. 1999) which accumulates large amounts of dry mass
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that burns extremely swift and hot (Wagner ef af. 1999). In order to conserve the
remaining patches of dry forest, an understanding of the effects of fires on this modified

ecosystem is necessary.

PROJECT DESCRIPTION AND GOALS

The specific goals of this study are to investigate aspects of the seed ecology of
fountain grass. Given that fountain grass lacks vegetative reproduction and therefore
relies on seeds for establishment and population growth (Goergen and:Daehler 2001a),
studies on its seed ecology are warranted. It is of practical interest to know the effect of
temperatures experienced during fires on the viability of fountain grass seeds. Results
from this study may prove useful in identifying effective means of reducing or removing
fountain grass from the seed bank in areas previously dominated by dry forests.

Specifically, the following questions were addressed:

RESEARCH QUESTIONS AND HYPOTHESES

[. Do P. setaceum seeds require light for germination?
H; P. setaceum seeds require light for germination.

2. How is P. setaceum seed viability affected by fire (field) and heat (laboratory)?

Field:
H: P. setaceum seed susceptibility to the effects of fire deceases with increasing
soil depth.

Laboratory:

H; P. setaceum seeds are heat intolerant and therefore not fire-adapted.
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3. What is the composition of the soil seed bank of the treatment plots at Puu Anahulu?
H, The soil seed bank is dominated by alien species.

4. Does P. setaceum form a seed bank?
Hs P. setaceun seeds form a transient seed bank that fluctuates based on
seasonal flowering episodes.

5. How does herbicide treatment affect the soil seed bank?
H; If herbicide treatment is timed to prevent seed set, the P. sefaceum seed bank
will decline. ‘

6. How does the soil seed bank respond to fire?

H; Fire will eliminate the P. sefaceum seed bank.

LITERATURE REVIEW

Alien Grass Invasion

Invasion of native ecosystems by alien grasses has become a worldwide
phenomenon (D’ Antonio and Vitousek 1992). Island ecosystems are extremely
vulnerable to alien plant invasion (Loope and Mueller-Dombois 1989, Simberloff 1995).
As of 1985, 85 alien plant species presented serious threats to the native biota of Hawaii
{Smith 1985) and the numbers are undoubtedly rising. The Hawaiian Islands today are
host to many grass species,(e.g., Melinus minutiflora, Paspalum spp., and Pennisetum
spp.), brought in as ornamental species or fodder for livestock that quickly spread and
now dominate large portions of previously native ecosystems (Smith 1985, D’ Antonio
and Vitousek 1992). Several of these same species are a concern throughout the Indo-
Pacific (D’ Antonio and Vitousek 1992). Many of these invasive grasses evolved in

habitats prone to frequient fire and have developed mechanisms for regeneration, either
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lfrom seed or vegetatively, after fire (Vogl 1975). In contraét to this, it is thought that the
Hawaiian flora evolved in the absente of frequent fire (Vogl 1975). This poses a difficult
problem, because as the native flora is eliminated, the alien grasses colonize and quickly
spread over large areas. Fires often occur during dry conditions, further clearing the land
and allowing for even greater establishment of alien grasses, creating a grass/fire cycle
(D’ Antonio and Vitousek 1992). Clearing of lands for agriculture and cattle ranching
generally prompts the introduction of alien grasses and the grass/fire cycle facilitates their
spread into native ecosystems as well as barren lava flows (Hughes ef al. 1991;

D’ Antonio and Vitousek 1992). Dry forest regeneration is not only limited by this burn
cycle, but it is likely that these grasses also compete with native seedlings for light,
nutrients, and water (Blackmore and Vitousek 2000).

Pennisetum setaceum {fountain grass), a bunch grass native to Africa, was
introduced to Hawaii as an ornamental during the early nineteen hundreds (Wagner et al.
1999). This species, known for its drought tolérance and rapid growth, has escaped from
cultivation in Australia, Fiji, North America, South Africa, and Hawaii (Chippindall and
Crook 1976, Williams et al. 1995, Milton et al. 1998). Since its introduction in Hawaii,
fountain grass rapidly spread throughout the islands, particularly on the island of Hawaii,
and became the dominant cover in many dry, leeward areas (Goetgen and Dachler 2002).
Fountain grass is a particularly problematic species because it invades lava flows causing
the disruption of primary succession by native species (Tunison-1992). Pennisetum
setaceum forms monotypic stands with large amounts of dead mass that fuels fires
(Tunison 1992). In addition, individual fountain grass culms can regenerate rapidly after

fire (Goergen and Daehler 2002). Fires fueled by exotic grasses are extremely damaging
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to the native vegetation because many native Hawaiian shrubs and trees burn readily and
do not regenerate well, if at all, after fire (Smith and Tunison 1992). Historically, the fire
frequency at the study site (Puu Anahulu GMA) was on the order of once every 500 to
1000 years, however with the introduction of P. sefaceum, fires occur approximately
every 6 to 8.5 yrs (WHWMO Fire History map 2001; Mick Castillo unpublished

data). The combination of fire adaptation along with the invasion ;apacity of P. setaceum
poses additional threats to the already precarious state of Hawaii’s dry forests. In order
for restoration efforts to succeed, fountain grass must be removed, not only because it
appears to compete for nutrients and water, but may also alter the microsite, thereby
limiting native seedling recruitment (Cabin et al. 2002).

Experimentation on the effects of fountain grass removal was recently performed,
and subsequent restoration was attenipted, in the Kona region of Hawaii (Cabin ef al.
2002). The restoration efforts focused on small patches of dry forest with manual removal
of fountain grass, followed by herbicide treatment.(Cordell et al. 2002). Fountain grass
was successfully removed and restoration initiated, which suggests that such measures
offer promise for further restoration of dry forest areas. Large-scale restoration projects in
more degraded areas lacking forest cover may prove difficult due to the labor intensity
required for manual removal of fountain grass. More efficient methods to remove
fountain grass from large areas could utilize a combination of prescribed burns and
herbicide treatment. Following grass control techniques, it is important to study the soil
seed bank of the targeted area to détermine whether the area will be re-invaded by grass
and other alien species, or if a significant native component is present. A variety of non-

native herbaceous (weedy) species as well as native species are known to regenerate from



the soil seed bank in similar habitat types (Cordell Pers. Comm., Cabin etl'al. 2002). A
study in dry to mesic forest on lava flows in Hawaii Volcanoes National Park shows that
despite a dominant native vegetation, the seed bank was dominated by alien grasses and
other weed species (Drake 1998). Little is known about degraded sites dominated by
fountain grass and lacking a native forest canopy. The presence of viable fountain grass
seed within the seed bank can increase the possibility of both immediate and future
reestablishment of fountain grass in these sites. If the fountain grass seed bank can be
eliminated through fire and/or herbicide treatment, the chances of restoration could be
enhanced.
Seed Ecology

A soil seed bank is defined as all viable seeds within the soil and in the
surrounding litter (Bigwood and Inouye 1923‘8, Leck et al. 1989). A variety of seed bank
types exist, ranging from transient to persistent. Transient seed banks consist of those
seeds that germinate within a year of dispersal. Thompson and Grime (1979) recognize
four characters associated with transient seed banks: 1. laige seed size and/or the
presence of elongated structures such as awns. 2. lack of dormancy mechanism 3.
germination over a wide range of temperatures and 4. the ability to germinate under both
light and continuous dark conditions. Persistent seed banks can be seen as genetic store
houses with seed storage occurring for long periods of time until senescence or predation
occurs or germination requirements are met (Leck ef al. 1989), Those seeds that remain
viable in the soil for long periods of time generally fall into two categories; either the
presence of a hard seed coat prevents seeds from imbibing, or seeds remain dormant in a

hydrated state (Priestley 1986). Those species that form persistent seed banks usually



have small seeds with smooth coats (Thompson and Grime 1979). Large seeds or seeds
with hooks or awns are less frequently found in soil seed banks (Thompson and Grime
1679).

Many of the remaining plant species of Hawaiian dry forests have relatively large
seeds and therefore it is unlikely they form persistent seed banks. Some of these
remaining species include Diospyros sandwicensis (lama), Reynoldsia sandwicensis (ohe
makai), Nothocestrum breviflorum (aiea), and Rauvolfia sandwicensis (hao) (Carlquist
1980). However, some native Hawaiian species such as Chenopodium oahuense
(aweoweo), Nototrichium sandwicense (kului), Dodonaea viscosa (aalit), Sida fallax
(ilima), and Erythrina sandwicensis (wiliwili) have smaller seeds or seeds with a hard
seed coat. These species may become incorporated in the soil and surrounding litter.
Given that the predominance of fountain grass cover may alter available microsites, these
native seeds, if present in the seed bank, may not be exposed to the cues required for
germination. The seeds of P. sefaceum, when removed from the dispersal unit, are quite
small and may therefore be readily incorporated into the soil. However, the seeds
generally remain within the dispersal unit (defined as the entire spikelet with involucral
bristles (Wagner ef al. 1999)) (Nonner, personal observation) and the presence of
involucral bristles on the dispersal unit may prevent burial in the soil.

A study by Goergen and Daehler (2002) showed that, though fountain grass has a
high level of seed output, few seeds are actually found in the seed bank. However, it has
been noted that the seeds can remain viable for up to six years until germination
conditions are favorable (Tunison, 1992). Anecdotal observations from Tunison’s study

imply that P. setaceum forms a seed bank; however these conclusions are not based on



soil samples, but on observation of germinants in the field. It is therefore possible tha'z the
germinants observed were dispersed in from' o_tﬁer fountain grass infested sites. While
studies have shown that the viability of fountain grass seeds stored in a laboratory under
dry conditions declines to 20 % within 18 months, viability of seeds within soil has not
been documented (Tunison, 1992). Given that fresh fountain grass seeds éerminate
readily when exposed to light and water (Goergen and Daehler 2001b), they do not
exhibit dormancy, and a hard seed coat is not present, it is likely that the seeds do not
persist for long periods of time in the soil. It is therefore hypothesized that fountain grass
seeds form a transient seed bank.

Pyrophytes evolved in habitats prone to fire, allowing for the selection of traits for
survival after fire. Plants exposed to fire can re-sprout from protected meristematic tissue
(ie. underground), or they can regenerate from seeds buried within the soil (Bradstock ez
al. 1992, Garnier and Dajoz 2001). Studies on the effects of fire on seeds show two basic
trends of temperature tolerance. Some seeds (e.g. Abies maghifica) are killed only after
reaching temperatures in excess of 200° C (heat tolerant), while other seeds (e.g. Luzula

_pilosa) are killed by temperatures as low as 65° C (heat intolerant) (cited in Baskin and
Baskin 2001). Knowledge of heat tolerance of fountain grass seeds in and on the s0il
could prove crucial in the management of this invasive species. If the passage of fire kills
seeds on the soil surface and the influx of new seeds into the seed bank is prevented by
removing adult plants prior to flowering, then management strategies can be timed to

successfully control regeneration of fountain grass from seed in managed sites.



Fire as a management tool

Increasingly, land managers are using fire as a tool for controlling invasive
species and enhancing restoration efforts (Hobbs and Atkins 1988, Parsons and Stohlgren
1989, Rhoades ¢f al. 2002, Alexander and D’ Antonio 2003). The use of fire as a
management tool shows varied results, in some cases fire may be useful in removing
alien species and promoting regeneration of native species, while in other cases and more
commonly, fire promotes invasion (D’ Antonio 2000). Generally, prescribed burns are
used to restore grassland communities and remove woody invading species (Parsons and
Stohlgren 1989, Dyer 2002, Rhoades ef al. 2002, Alexander and D’ Antonio 2003),
whereas in Hawail, prescribed burns are often used to remove alien grasses and restore
woody species (D’ Antonio ef al. 2000). The effectiveness of fire as a management tool in
Hawaii is questionable, given that many Hawaiian species do not regenerate well after
fire (Hughes er al. 1991, Hughes and Vitousek 1993, D’ Antonio et a/. 2000) while many
of the alien grasses regéherate either from a soil seed bank or from root crowns that
survive the fire (D’ Antonio et al. 2000). One aim of this study is to test the effectiveness
of the use of fire, alone or in combination with herbicide, in removing fountain grass seed
from the seed bank and/or preventing the further addition of seed into the seed bank.
While fire may prave useful for removing fountain grass temporarily, it may open a
window for other invading species. If fire is initially successful in killing seeds stored in
the soil or on the surface layer, subsequent herbicide and/or grazing may be used to
prevent further flowering of fountain grass culms that regenerate after fire. Herbicide
treatment may also stem the invasion of other alien species that regenerate from the seed

bank or are dispersed in from nearby established populations.



Fire and 501l temperatures

Documentation of grass}and fires shows a broad range in soil surface
temperatures. Bentley and F enn‘er (1958) recorded temperatures ranging from 90-180 ° C,
while studies of soil temperatures in Heteropogon contortus dominated grasslands
recorded temperatures as high as 245° C (Scotter 1970). Early work by Cook (1939)
shows that temperatures may reach 600° C at the soil surface; however, at a depth of 5
cm, little change in temperature ts noted. Additionally, gras; fires burn very swiftly, and
temperatures at the soil surface return to pre-burn levels after approximately 6 minutes
(Cook 1939). Other studies show a range of 700 to 800° C at the soil surface during grass
fires and temperatures at soil depths of 1-3 cm reaching no higher than 50° C (Cited in
Scotter 1970). Clearly, no two fires are alike and many factors such as moisture content,
fuel load, and wind speed Fave a significant effect on both fire frequency and intensity
(Rundel 1981, D*Antonio 2000). Temperatures may vary within a burn site based on the
heterogeneity of the environment. The presence of involucral bristles on the dispersal unit
-of fountain grass seeds suggests that fountain grass predominantly forms a surface layer
seed bank. Therefore, it is likely that many seeds will be exposed to extreme temperatures

during prescribed burns, lose viability, and will be removed from the seed bank.

DESCRIPTION OF STUDY SITE

Field studies were conducted in the Pu’u Anahulu Game Management
Area located in the northern Kona region on tbe island of Hawaii. The study site is
approximately 97 hectares, and is located on the northwestern slopes of Mauna Loa at
155°47°20°" long. and 19°50” lat., approximately 33 km southwest of Waimea. The

elevation ranges from 660 to 800 m. The site once contained an extremely diverse array
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of dry forest flora (Rock, 1913). It now is extensively overgrown by Pennisetum
setaceum. Feral goats and sheep are found throughout the site. The substrate is
heterogeneous and consists mainly of a’a and pahochoe lava flows originating from
Mauna Loa vglcanics that range in age from 750 to 5,000 years old (Wolf and Morris
1996). The site is broken into 3 blocks, of which block 1 is mostly on a relatively young,
750 to 1500 year-old Mauna Loa flow and also includes a small portion of a 5,000 to
10,000 year-old Mauna Loa flow. Blocks 2 and 3 are on a 3,000 to 5,000 year-old flow;
block 3 also contains small portions of a 5,000 to 10,000 year-old Hualalai flow (Fig.
1)(Wolf and Morris 1996). Tl;e researc;h site is heterogeneous with many bare lava rock
outcroppings and fountain grass distributed in large patches throughout. Soil at the site is
patchy in distribution and consists primarily of a humus layer (see appendix A). Mean
rainfall is approximately 50 cm per year (Giambelluca ez al. 1986). Rain is unevenly
distributed throughout the year, with most rainfall occurring duriné the winter months.

The site also contains remnants of dry forest that are excluded from experimental

treatments. v
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Figure 1.1. Site map and plot layout at the Pu’u Anahulu Game Management Area. Soil
sampling was conducted in plots 1, 2, 3, and 4 of each of the three blocks. Burn
treatments are labeled A, B, C, D, and E. Plots where seed bank sampling occurred are
labeled: 1 (control), 2 (herbicide), 3 (burn), and 4 (burn + herbicide).

12



CHAPTER 2
Seed Ecology of Pennisetum setaceum

INTRODUCTION *

[nvasion of native ecosystems by alien grasses has become a worldwide
phenomenon (D’ Antonio and Vitousek 1992). Clearing of lands for agriculture
and cattle ranc'hing generally prompts the introduction of alien gx:asses and the
grass/fire cycle facilitates their spread into native ecosystems (D’ Antonio and
Vitousek 1992). In Hawaii, these grasses also colonize barren lava flows (Hughes
et al. 1991). Many invasive grasses have evolved in habitats prone to frequent
fire, and have developed mechanisms for regeneration after fire, either
vegetatively or from seed. (Vogl 1975).

Seeds may be affected by fire in two ways: they can be killed or they can
be protected by some adaptation {(Baskin and Baskin 1989). The seeds that are
protected from fire will either be stimulated to germinate or remain in some
dormant state (Baskin and Baskin 1989). Some seeds (e.g. Abies magnifica) are
killed only after reaching temperatures in excess of 200° C (heat tolerant),
whereas other seeds (e.g. Luzula pilosa) are killed at 65° C (heat intolerant) (cited
in Baskin and Baskin 2001). Seeds can avoid the effects of fire through a number
of mechanisms. Some examples of this include: subterranean seed production,
presence of a protective seed coat, or burial in the soil either by-animals or with
the aid of hygroscopic awns (Ernst 1991). At least two types of awns are known,
active hygroscopic awns and passive awns or involucral bristles. The latter

generally serve to anchor seeds to the soil surface and prevent burial in the soil
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(Peart 1981). Due to the rapid passage of grassland ﬁresr, soil temperatures may
remain unchanged even in the upper layers, thereby protecting seeds buried in the
soil from temperature extremes (Gillon 1983). In contrast, seeds resting on the,
soil surface can be completely destroyed by direct combustion or exposure to
temperatures generated during fires (Ernst 1991).

Pennisetum setaceum (fountain gra§s), a bunch grass native to Africa, was
introduced to Hawaii as an ornamental during the early nineteen hundreds
(Wagner et al. 1999). This species, known for its drought tolerance and rapid
growth, has escaped fro;n cultivation in Australia, Fiji, North America, South
Africa, and Hawaii (Chippindall and Crook 1976, Williams et al. 1995, Milton ez
al 1998). In Hawaii, fountain grass has rapidly spread throughout the istands,
particularly on the island of Hawaii, and has become the dominant cover in many
dry, leeward areas (Goergen and Daehler 2002). Fountain grass is particularly
problematic in Hawaii because it invades lava flows, disrupting primary
succession (Tunison 1992), and preventing colonization of native species.
Pennisetum setaceum forms monotypic stands with large amounts of dead mass.
that fuels fires'(Tunison 1992). Individual fountain grass culms can regenerate

«rapidly after fire, flower, and set seed within a few months (Goergen and Daehler
2002). The fires fueled by exotic grasses are extremely damaging to the native
vegetation because many native Hawaiian shrubs and trees burn readily and do
not regenerate'wéll, if at all, after fire (Smith and Tunison 1992).

Involucral bristies present on the spikelets of 2. setaceum seeds are

thought to aid in the wind dispersal of this grass and may also prevent the seeds



from becoming incorporated into the soil. However, P. sefaceum has a high
standing dead biomass that contributes to a thick humus layer at the soil surface.
Seeds may then be incorporated beneath this layer. It is therefore of interest to test
whether seeds can germinate and emerge when buried within this layer.

Knowledge of basic germination requirements of £. sefaceum is lacking.
Factors such as lihght requirement, depth of emergence and heat/fire tolerance may
affect seedling recruitment of P. sefaceurn, which in turn may affect the further
spread of this invasive grass. The purpose of this study was to investigate the
importance of these factors for the germination of P. setaceum seeds.

MATERIALS AND METHODS

For description of study site, please see chapter 1.
Seed collection and selection

Seeds for all germination trials were collected from Puu Anahulu Game
Management Area in November 2003 and March 2004, brought to UH Manoa,
and stored in paper bags at ~23° C. Prior to experimentation, seeds were sorted in
order to determine viability by spreading the glumes of the spikelet. Those
caryopses (defined as the entire dispersal unit comprised of the spikelet with
involucral bristles (Wagner et al. 1999) containing a plump, beige colored
em’c;ryos were deemed viable and were used for experimentation. Pennisetum
setaceum caryopses containing embryos, within their dispersal unit, had a mean
weight of 3.23 mg. On average, ~80% of sorted caryopses contained embryos and

90% of embryo-containing caryopses germinated (E. Nonner unpublished data).

For all lab and field experiments, caryopses remained within the dispersal unit so
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as to best understand the germination ecology of these seeds in their natural state
{Baskin and Baskin 2001). A subset of the sorted caryopses was placed on moist
sand in petri dishes sealed with parafilm (Baskin and Baskin 2001) and allowed to
germinate in order to verify the percent of viable seeds. For all laboratory
germination trials, 5 replicates of 10 caryopses were used. For these germination.
trials, petri dishes were placed under neutral shade for 10 days. Initial germination
trials showed that fountain grass seeds germinate rapidly, within 3-5 days, seeds
were monitored for 3 weeks and no additional germination was noted beyond 10

days (Nonner, personal observation).

Germination in light and dark

Seeds were tested for effects of light on germination. Pennisefum
setaceum seeds were placed in petri dishes filled with moist sand. For light
treatment, dishes were sealed with parafilm, whereas for dark treatment, dishes
were wrapped in heavy- aluminum foil (0.1 cm ply). After arcsin transformation
of percent germination (Sokal and Rohlf 1995), a two sided t-test was performed

to test for differences between the treatments.

Depth of emergence
Depth of emergence for P. setaceum seed was tested at 0, 2.5, and 5 cm.
Six inch pots were filled with potting soil mix (Miracle Grow Enriched Garden

Soil; 0.10% total N, 0.05% available P, 0.10% soluble potash). Seeds were

covered with either 5 or 2.5 ecm of packed potting mix. For surface layer
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treatments (0 cm), seeds were pressed flush with the soil surface layer. Pots were
watered as needed to keep the soil moist. After 15 days, those seeds that had
emerged were counted and removed. After arcsin transformation of percent
germination (Sokal and Rohlf 1995), a one-way ANOVA of percent germination

versus soil depth was preformed to test for differences between soil depths.

Effect of fire on seed germination

Prescribed bums were administered in February 2004. To study the effect
of fire on the seed viability of P.setaceum, seeds contained within aluminum
packets were distributed at random points along a 100m transect through the
center of each burn unit prior to the burn. Seed packets were made of a 10 cm
square of heavy-duty aluminum foil (0.1 cm ply) folded in half and crimped along
the edges (10 seeds per replicate, 5 replicates per depth). The seed-containing
packets were placed on the surface layer (held down by a nail), and at depths of
2.5and 5 cm to test if soil acts.as a buffer against temperatures generated by the
fire. Soil at the research site is fairly patchy in distribution and consists primarily
of a humus layer (see appendix A). !

Based on the wide range of temperatures previously documented during
grass fires it was difficult to predict what temperatures would occur in the soils at
Puu Anahulu. For this reason, aluminum packets conta-ining shavings of
temperature sensitive indicating crayons {tempilsticks) were utilized to monitor

. soil temperatures. Temperature indicating packets were placed along side seed

packets at the same depth of burial. Tempilstick packets were made in the same

manner as the seed packets; however, each temperature packet was 1 cm? in size.



For each replicate, a packet of each temperature indicator (52°, 66°, 70°, 93°,
107°, 121°, 135°, 149°, and 204° C) was placed in a larger Sem? aluminum
packet. Tempilsticks melt at a given temperature, thus indicating the measurable
temperatures reached during the fire. Temperatures were gauged using only those
packets containing melted shavings. Directly after the burn, the seed packets anci
temperature indicators were collected and brought back to [JH Manoa for
germination and analysis. Because of the drastic reduction in percent germination
of seeds placed on the soil surface, no statistical analysis was necessary. After
arcsin transformation (Sokal and Rohif 1995), a two-sided t-test was used to test

for differénces between the buried seeds.

Effect of dry heat on germination

The effect of short periods of laboratory heat treatment, similar to those
that may be experienced during grass f;res, was tested on viable P. setaceum
seeds. Using temperatures in the range recorded during the prescribed burns at
Puu Anahulu, P, setaceum seeds were exposed to temperatures of 50°, 75°, 100°,
125°, 150°, 175°, and 200° C for 1 or 3 minute time periods in a preheated oven.
Seeds were placed on aluminum weighing boats to facilitate rapid insertion and
removal without altering oven temperatures. After treatment, the seeds were
placed on sand in petri dishes and allqwed to germinate. After arcsin
transformation (Sokal and Rohlf 1995), a Welch’s ANOVA (due to unequal

variances) was used to test for differences between treatments.
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RESULTS
Light and dark seed germination trials

Pennisetum setaceum seeds exposed to light had a mean germination of
88% (range 80-100, n=5) and seeds kept in the dark had a mean germination of
80% (range 70-100, n=5) (Fig. 2.1). A two sided t-test reveals no significant

difference between the treatments (t = 0.81 P =0.442 df=7).

100 -
80 -

40 -

% Germination

20 -

Light Dark

Figure 2.1. Mean + 1 SEM percent germination of P. setaceum seeds placed under
light and dark conditions, n=5 (5 replicates of 10 seeds per treatment).

Depth of emergence
There was no significant difference in percent of seedlings that emerged
from seeds buried at 0, 2.5, and 5 cm (Table 2.1); however, a weak trend of

decreasing emergence can be seen as soil depth increases (Fig. 2.2)
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Table 2.1.0ne-way ANOVA of percent germination versus soil depth.

Source DF _SS MS F P
Soil Depth 2 693 347 1.35 0.296
Error 12 3080 257
Total 14 3773
100 -
® 80 1
(T
o
= 60 A
| .
)
E 40 -
w
X 20 -
0 -
soil surface 25cm 5cm

Figure 2.2. Mean + 1 SEM percent emergence of seedling from seeds buried at 0,
2.5, and 5 cm soil depths in 15 x 11 cm pots after 15 days, N = 5, with 10 seeds
per replicate.

Effect of fire on seed germination

The measured soil surface temperatures at Puu Anahulu ranged from 52°

to 204° C. Temperatures remained below 52° C at soil depths of 2.5 and 5 cm
(Fig. 2.3). Percent germination of seeds place on the soil surface was substantially
reduced (mean 1% germination) after the passage of fire (Fig. 2.4) (n=15) when
compared to seeds buried at 2.5 and 5 cm beneath the soil. A two sided t-test was
used to test for differences in percent germination between 2.5 and 5 ¢cm (t = 0.05,
p = 0.959, df = 27). No differences can be seen between percent germination at

2.5 and 5 cm soil depths.
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Figure 2.3. Frequency distribution of the range of soil surface temperatures
measured using Tempilstick packets during prescribed burns in Feb 2004 at Puu
Anahulu GMA, Hawaii.
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% Germination

soil surface 2.5cm 5cm

Figure 2.4 Mean + 1 SEM percent germination of P. sefaceum seeds placed at the
soil surface and depths of 2.5 and 5 cm during the passage of fire. Values
represent mean percent germination from 3 burn units with 5 replicates per burn
unit; total n=15 per treatment.

Effect of dry heat on germination

There was no significant difference at o = 0.05, however a difference can
be seen among control (23 C) treatments, seeds treated at 50 C (for both exposure
times), and seeds treated at 75 C (for both exposure times) (p= 0.0581) (Table
2.2). At higher temperatures, percent germination declined with no germination
occurring at temperatures greater than 75 © C. Percent germination for these trials

ranged from 60 to 100 (Fig. 2.5).
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Table 2.2. Welch’s ANOVA of percent germination versus temperature and time
interval.

Source DF SS MS F P
Model 5 0.5170829 0.10341658 2.51 0.0581
Error 24 0.98968331 0.04123680

Corrected total 29 1.50676621

B 1 min
B3 min

% Germination

control 50C 75C 100C

Figure 2.5. Mean + 1 SEM percent germination of P. setaceum seeds following
dry heat treatment at exposure times of 1 and 3 minutes. Values represent 5
replicates of 10 seeds per temperature and exposure time (n=5).

DISCUSSION

The experiments have shown that P. setaceum seeds do not require light
for germination. Additionally, the seedlings can emerge from depths of at least 5

cm. Given the degree to which P. sefaceum invasion in Hawaii has occurred,
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these results are not surprising. Both these “weedy™ attributes may impart an
advantage following some disturbances such as fire or trampling by ungulates,
encouraging establishment of new populations.

Seeds on the soil surface are killed by the passage of fire while those
buried at 2.5 and 5 cm are buffered from the heat by soil and do not show
significant loss of viability. Parts of some grass seed caryopses impart protection
to seeds during the passage of fire (Christensen and Kimber 1975). In the case of
P. setaceum, some seeds placed on the soil surface were charred by the fires
whereas others escaped direct exposure to the flames but not to temperature
extremes. In both cases seed viability loss was 100%. This has been further
verified through heat treatment of seeds in the laboratory. The trials showed that
P. setaceum seeds cannot withstand temperatures in the excess of 75° C for longer
than 3 minutes. While fountain grass is regarded as a fire-adapted plant, this fire
adaptation is only seen in its capability of vegetative regeneration, not in the
ability of the seeds to survive the passage of fire. Interestingly, recruitment of new
individuals is limited to seed germination, not vegetative reproduction, leaving a
limited window for establishment of new populations.

CONCLUSION

Depth of emergence experiments have shown that P. sefaceum seedlings
are capable of emerging from at least 5 cm depth. The presence of involucral
bristles on the dispersal units of P. setaceum seeds suggests it is unlikely these

seeds are incorporated deeply into the soil (Peart 1984) but seeds may be found

deep within the surrounding litter. Both laboratory and field experiments have

1

. 24



shown that P. setaceum seeds are heat intolerant and cannot withstand direct
exposure to fire or temperatures generated during fires. However, fountain grass
fuel loads can be patchy due to the heterogeneity of the lava flows on which it
may occur. The patchiness of the fuel load can lead to discontinuous fires in

which P. setaceum seeds may escape expesure to high temperatures and thus \
maintain viability. Additionally, the substrate on which this species occurs offers:
many cracks and holes in which seeds may escape exposure to high temperatures.
For this reason, prescribed burns, while capable of decreasing seed viability, do

not appear to be a viable method of eliminating P. setaceum seed banks.
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CHAPTER 3
The Effects of Prescribed Burning and Herbicide Treatment on the Soil Seed Bank
at Pu'u Anahulu GMA, Hawaii

INTRODUCTION

The threat of invasive species today i1s worldwide. Increasingly, land
managers are searching for large-scale control methods for the management of

invasive species (Alexander and D’ Antonio 2003). Some control efforts have

focused on the use of prescribed burns, grazing, and herbicide application (Hobbs
and Atkins 1988, Parsons and Stohlgren 1989, Dyer 2002, Rhoades er al. 2002,
Alexander and D’ Antonio 2003). All of these treatments focus on removing or
killing vegetation. However, grazing and herbicide treatments are unlikely to
directly destroy seeds stored in the soil seed. Prescribed burns have been shown to
be effective in removing seeds from seed banks either by seed death or by
stimulation of germination (Baskin and Baskin 1989, Dyer 2002).

Fire-adapted plant species use at least two strategies for regeneration after
fire; either they regenerate directly from protected underground meristematic
tissue, or from seeds in the soil that escape high temperatures generated during the
passage of fire. Regeneration from underground tissues after fire is often vigorous
with a subsequent increase in flowering and seed set (Vogl 1974, Caldwell et al.
1981). The presence of viable seed in a seed bank can allow for the immediate
reestablishment of a species and may act as a store for future outbreaks

(Alexander and D’ Antonio 2003).
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Fountain grass (Pennisetum selaceum) 18 an invasive, fire-prone grass that
threatens the future of rare remnants of dry forest in Hawaii. Experiments on the
effects of fountain grass removal have recently been performed, and subsequent
restoration of dry forest species has been attempted in the Kona region of Hawaii
(Cabin ef al. 2002, Cordell ef al. 2002). The restoration efforts were applied to
small patches of dry forest; they used mechanical cutting of fountain grass,
followed by an herbicide treatment (Cordell ef al. 2002). Fountain grass was
successfully removed and restoration initiated, which suggests that such measures
offer promise for further restoration of dry forest areas. Large-scale restoration
projects in more degraded areas lacking forest cover may prove to be difficult due
to the labor required for manual removal of fountain grass. More efficient
methods to remove fountain grass from large areas could utilize a combination of
prescribed burns and herbicide treatment.

Fountain grass, a non-rhizomatous bunchgrass, is reliant upon seeds for
recruitment of new individuals. Therefore, it is important to study the soil seed
bank of the targeted area following experimental trials of grass control techniques,
to determine if the seed bank will serve as a seed source for the re-invasion of this
grass. The presence of viable fountain grass seed within the seed bank can
increase the possibility of both immediate and future reestablishment of fountain
grass into management sites. If the fountain grass seed bank can be eliminated or
reduced through fire and herbicide treatment, the chances of restoration could be
enhanced. Additionally, it is useful for restoration purposes to determine whether

a native component 1s present in the seed bank. A variety of non-native
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herbaceous (wee;dy) species as well as native species are known to regenerate
from the soil "'seed bank in similar habitat types (Cordell Pers, Comm., Cabin et al.
2002). A study i;1 dry to mesic forest on lava flows in Hawaii Volcanoes National
Park showed that despite dominant native vegetation, the' seed bank was
dominated by alien grasses and other weed species (Drake 1998). Little is known
about degraded sjtes dominated by fountain grass and lacking a native forest
canopy. An und!érstanding of the effect of fire and herbicide on seed banks, and
identification of alien and native species occurring in the seed bank at Pu’u
Anahulu Game l};{anagement Area (GMA) could contribute to the management of
similar habitat tyi)es in Hawaii.

In this stt!dy, I sampled the seed bank at Pu’u Anahulu GMA (see
description in chgpter 1) in order to address the following questions. (1) How does
the fountain gras:!. seed bank change over time? (2) What is the effect of fire and
herbicide on the %ountain grass seed bank? (3) How is the overall seed bank
affected by burn ;nd herbicide treatments? (4) Is a native component of the flora
present in the see:d bank that may be beneficial to the restoration of this habitat?
MATERIALS AND METHODS
For a description :ﬁf the study site, see chapter 1.

Experimental Des!ign

The desig% of the fieldwork of this project takes advantage of a large-
scale project invojlving USFWS, USDA Forest Service, Hawaiian Division of
Forestry and Wildl_life, and U.S. Army, Hawaii (Castillo 2001). The multi-agency

project investigates methods for reducing the amount of fuel biomass of
v
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Pennisetum setaceum. The study site is divided into three blocks; the experiments

1
were replicated in each of the three blocks (blocks 1-3 in Figure 1.1). The fuel

{

load experiments of the project used a 2x2x2 factorial layout (burn, no burn,
herbicide, no hefbicide, graze, no graze) to test several treatments, applied singly
and in combination. Burn and graze treatments were applied to whole plots
whereas herbicide was applied to split plots. Grazing treatments were excluded
from this study dlue to accidental herbicide spray treatment that confounded
results. Each plo%. is approximately 100m wide and150m-200m long. The burns
were administered on January 28 and Febmary'?)-;m, 2004. The herbicide was
sprayed from a h'lélicopter equipped with a 30-foot boom sprayer. Herbicide
application occu;[fed on March 9, 2004, 5 weeks after the burn

treatment. Roundup Original (Glyphosate, N(phosphonemethyl) glycine,

t
Rate: 2.5 Ibs a.i/Ac (2.8 kg a.i./ha) Concentration: 5.86%) was applied to 56 acres

with a surfactant} Liberate, a soap-like sticking agent that facilitates the adhesion
1

of the herbicide th the plant.

I

L
Soil Seed Bank S;udies

Samples were taken along the long axis of each treatment plot (see Fig.
1.1) following a 100 m transect. In each 10m segment of the transect, a point was

randomly chosen,}'and a 5 cm diameter x 5 cm deep soil core sample was taken
1

from the nearest soil-containing point west of the transéct. Five additional soil
4

cores were taken from random points between the 25m mark and the 75m mark
i

cast of the transec't for a total of 15 soil samples per treatment plot (3 replicates
]

per treatment/sample period, n=45). Total soil sampled per treatment/sample
¥
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period was 0.08_Lm2, and the amount of soil sampled from entire research site per
sampling period (180 cores) was 0.35 m®. Transects :.vere placed through the
center of the plots to avoid sampling ;eeds dispersed in from locations infested
with fountain gri.-iss. Soil samples were kept separate for later analysis of seed
content. Plots w¢lare sampled in this way for each of four treatments (control, burn
alone, herbicide"alone, burn then herbicide) in'each of the three blocks: prior to
the burn, directly post burn, approximately 3-4 months post bumn, 6 months post
burn, and one year post burn (Fig. 3.1). Goergen and Dachler (2001a) have shown
that fountain grass flowers approxirﬁately 2 months following a burn. Hence, an
influx of seeds il"fto the seed bank might be expected to occur 3-4 months after the
buﬁ. The timing'of the third sample was chosen to detect an influx of seeds
produced in the first post-burn flowering episode. Herbicide treatment was
applied six weeks after the prescribed burns.

« S0il cores were brought back to UH Manoa and stored for approximately
1-2 months at ar;bient temperature in open plastic bags to facilitate airflow. The
soil cores were siﬁed through a 6.3 mm sieve to remove larger debris and lava
rocks. Samples were spread in individual trays-over a 3 cm layer of potting soil in
a glass house andl'misted to keep the soil moist. As seeds germinated they were

counted, identified, and removed. Soil cores from each sample session were

allowed to gennir’liate for 6 months before removal from the glass house.
1.
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Jan | Feb | March | April | May June July | Aug | Sept | Oct | Nov | Dec § Jan
2004 | 2004 | 2004 | 2004 | 2004 [ 2004 | 2004 | 2004 | 2004 | 2004 | 2004 | 2004 | 2005
! T ﬁ ? + I ?
BURN HERBICIDE
POST-BURN 6-MONTHS
SAMPLING POST-BURN | YEAR
SAMPLING
3-MONTHS
PRE-BURN POST-BURN
SAMLING SAMPLING

Figure 3.1. Timeline of treatment and sampling times at Pu’u Anahulu, GMA,
Hawaii. Note that the sampling times are not at equal intervals, rather they are
staggered throughout the year.

Data Analysis

Mean densities for emerged species from the seed bank were calculated

per plot and sampling period, and were transformed to seeds/m” For the overall

germinable seed bank, comparisons of seed densities between the native and alien

species were made using a Mann-Whitney test. Species richness was calculated

per sample and comparisons were made using a general linear model to test for
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differences between plot, time, and plot* tim_’e (ploFtreaUnent). A similarity
matrix based on Euclideén distances was created and was used to generate an
nMDS (non-metric Multi Dimensional Scaling analysis) plot to examine the effect
of time. An analysis of similarity (ANOSIM) based on Euclidean distances was
used to test for differences between plots’and time of the overall seed bank.

For the fountain grass seed bank, seed density was averaged over the
treatment plgts and square r(;ot transformed (to equalize variances). Comparisons
were made using a general linear model of seed density versus time, plot, and

time-plot interaction.

RESULTS

Germinable Fountain Grass Seed Bank Over Time and Treatment

The fountain grass seed bank was non-uniform in space. No more than
four seeds (~2040 Seed/mz) germinated from any single core taken at Pu’u
Anahulu GMA. The majority of the soil cores yielded no germinating fountain

grass seeds (Fig. 3.2).
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Figure 3.2. Histogram of fountain grass seeds germinating from soil cores taken
from all plots prior to the prescribed burns at Pu’u Anahulu GMA. (n=180)
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Fountain grass seed densities were square-root transformed (to equalize
variances), and a general linear model was used to test for effects of plot
(treatment), time, and interaction between plots and time on seed densities. A
significant difference is found in seed density among plots averaged over
sampling periods (Table 3.1). At a confidence level of p<0.05, the fountain grass
seed bank shows no significant differences over time, or in plot and time
interaction. There is a difference in time for p<0.09. Despite a lack of significant
differences, some trends appear to emerge. The control plots to show fluctuations
over time. The herbicide plots remained relatively constant over time. The burn
and burn-then-herbicide plots decreased initially, was depleted (3-month sampling

period), and later increased over time (fig 3.3).

300 ipre burn
m post bumn
250 ‘l:l 3 months post bum
™~ 200 m 6 months post bum
§_ _l_1 | year post bu_rn_
5150
@
@
“100
\
50 -
o chnla_
control Herbicide Burn Burn +
Herbicide

Figure 3.3. Mean + 1 SEM of fountain grass seeds/m” per treatment plot at Pu’u
Anahulu GMA over 4 sampling periods from January 2004 to July 2004 (n=3 per
treatment). Each bar represents one treatment per sample period. Herbicide
treatment occurred approximately one and a half months after the prescribed
burns prior to the 3-month sampling period.
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Table 3.1, General linear model of the square root of fountain grass seeds/m’
versus treatment, time, and, time x plot interaction.

Source  DF_SS  MS F P
Plot 3 0746 915 346  0.025
Time 4 2338 584 221 0.085

Plot*Time 12 3796 316 1.2 0.318

Composition of the Germinable Seed Bank

The overall composition of the genni.nable seed bank at Pu’u Anahulu
GMA is predominantly alien. Only three native species emerged from the soil
cores taken: Plectranthus parviflora, Sida fallax, and Waltheria indica (all
indigenous species), Of the 20 alien species that emerged, 3 are grasses, 14 are
herbaceous weeds, and 3 are woody species (Fig. 3.4). (For a complete species list
see appendix B). A Mann-Whitney test showed significantly higher seed densities
for alien species present in the pre-burn seed bank (W=215.5, n=12, p=0.0065,

Fig. 3.5).
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Figure 3.4. Number of native and alien species that emerged from soil cores taken
at Pu’u Anahulu GMA (n=12) prior to prescribed burn in January 2004.

Effect of Burn and Herbicide Treatments on the Seed Bank

A two sided t-test reveals that the relative abundance of native species in
the soil seed bank was unaffected by prescribed burns at Pu’u Anahulu GMA
(df=5, t=0.45, p=0.67). In contrast, the relative abundance of the alien seed bank,
while not significant at a=0.05, shows a marked decline post burn (df=5, t=2.34,
p=0.06). Overall, the seed bank was dominated by alien species (Fig 3.5).

The seed bank at Pu’u Anahulu GMA fluctuates over time in seed
densities and species richness. No more than eight species are present in the soil
seed bank at any given time. Pre-treatment seed densities for all species in the
control plots ranged from 68 to 5610 seeds/m”, in herbicide plots from 170-3162
seeds/m?, in burn plots from 170-646 seeds/m”, and in burn-and-herbicide plots

from 102-340 seeds/m’ (fig 3.6). The control plots yielded much higher seed
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densities than any treated plots. The herbicide treatment resulted in relatively low
seed densities that were maintained over the post-burn sampling periods. In both
the burn and burn-then-herbicide treatments, seed densities declined immediately
after the burn. This would be expected if exposure to fire or high temperature kills
seeds or triggers rapid germination. In the burn-alone plots, seed densities recover
thereafter, whereas the seed densities in the burn-and-herbicide plots remain low.
If seeds were killed by the fire, or seeds were stimulated to germinate and any
regenerating species were killed by subsequent herbicide treatment, the influx of
new seeds into the seed bank would be reduced. At the p<0.05 confidence level,
overall species richness does not vary over time or in plot and time interaction. A
significant difference is seen in species richness between plots (Table 3.2, Fig.
3.7). Pair-wise comparisons show that species richness averaged across time is
significantly higher in control and herbicide plots than in burn-and-herbicide
plots.

Ordination (non-metric Multi Dimensional Scaling analysis) of similarity
based on Euclidean distances of species seed den-sities comparing treatment effect
did not separate the treatments statistically. Differences over time can be seen
(Fig 3.8). ANOSIM (analysis of similarity using permutation/randomization
methods on a similarity matrix based on Euclidean distances) to test total seed
densities between treatments did not reveal an overall significant result for

differences in similarity over time (Table 3.3).
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Figure 3.5. Mean + 1 SEM of seeds/m” of native and alien species that emerged
from soil cores taken from all plots before and after prescribed burns at Puu
Anahulu GMA (n=6).
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Figure 3.6. Mean density + 1 SEM of seeds/m? of seeds that germinated from the
seed bank from the four sampling periods at Pu’u Anahulu GMA (n=15 per plot).

Each bar represents one plot per sample period. Herbicide treatment occurred
approximately one and a half months after the prescribed burns.
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Table 3.2. General linear model of species richness versus plot, time, and, time x
plot interaction (plot= treatment).

Source DF SS MS F P
Plot 3 44 .4 14.8 4.8 0.007
Time 3 1.9 0.63 0.2 0.9
Plot*Time 9 19.4 213 0.7 0.7
@ pre bumn ’
9 - W post burn
8 - 0O 3 months postbum‘
B 6 months post burn |
T
n
2 6-
S
. 5
2 47
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g0
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| 1 ol
[ 0 -

CONTROL HERB BURN BURN+ HERB

Figure 3.7. Mean £+ 1 SEM of species richness of soil cores taken from each
treatment plot at Pu’u Anahulu GMA over 4 sampling periods from January 2004
to July 2004 (n=15 per plot). Each bar represents one plot per sample period.
Herbicide treatment occurred approximately one and a half months after the
prescribed burns.
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Table 3.3. Analysis of similarity to detect an effect of time period on total seed
densities.(a=pre-burn, b=post-burn, ¢c=3 months post burn, d=6 months post burn)

Test GlobalR P
Global Test  0.004 0.449
Pairwise
avsb 0.139 0.139
avsc 0.204 0.095
avsd 0.157 0.108
bvsc 0.057 0.283
bvsd 0.167 0.54
cvsd 0.056 0.305
all times
o, ) . Sfress: 6.23|
¢ A A A a
A
\ J
e n A .
v * | \4
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Figure 3.8. Ordination of plots (nMDS) for the abundance of species germinated
from soil cores for each of the treatment plots over time. a= pre burn, b=post
burn, ¢= 3months post burn, and d= 6 months post burn. Herbicide was applied in
between the post burn and 3 months post-burn sampling periods.
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DISCUSSION

The first goal of this study was to assess the fountain grass seed bank. The
fountain grass seed bank at Pu’u Anahulu GMA is non-uniform spatially. Seeds
accumulate in pockets throughout the site but many areas contain no seeds at all.
This may, in part, be due to wind dispersal of seeds. Lava rock outcroppings may
catch and harbor large accumulations of seeds. These seed accumnulations may
promote germination by retaining moisture, perhaps increasing the survival rate of
seedlings (E. Nonner, Personal observation).

The second goal was to evaluate the effects of fire and herbicide treatment
on the fountain grass seed bank. Although no significant differences in seed
densities of fountain grass were noted in the treatment plots over a one year fime
period, some patterns are discernable. Both the burn and burn-and-herbicide

Jtreatment plot seed banks appear to decrease in seed density following t:lre, after
which the seed bank recovers and increases sharply. Fountain gréss seeds are heat
intolerant and lose viability when exposed to extreme temperatures (E. Nonner,
unpublished data, see chpt. 2). The fountain grass seed bank declines directly after
the prescribed burns and 1s depleted 3 months later. Seeds that escaped the fires
likely germinated during this time period therefore depleting the seed bank. The
sharp increase in the seed bank at later sampling periods could be due to either
dispersal into the site from nearby infested areas or to local seed production from

those plants that did not burn. As discussed earlier, the substrate at Puu Anahulu
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is heterogeneous and fuel loads tend to be discontinuous. Hence, not all fountain
grass culms at the site burned. Unburned culms may have flowered and acted as
local sources of seed input. The increase in seed density at the one-year sampling
period may also be a result of unusually high rainfall in an area prone to drought.
Higher rainfall may have increased the number of viable seeds available for local
and long distance dispersal into the research site.

Other studies show that seeds in seed banks have clustered spatial
distributions and therefore variability is known to be extremely high in soil core
sampling (Bigwood and Inouye 1988). Variablity was likely further enhanced by
the heterogeneity of the substrate at Pu’u Anahulu GMA. The study site consists
of mainly a’a lava flows and provides many refugia where seeds may escape the
effects of fire. Moreover? fountain grass is wind dispersed, and it is likely that
seeds were blown in from nearby sites after treatment. The prescribed burns were
administered during January and February, a time when most rainfall occurs in
Hawaii and when wildfires are much less common than during the summer dry
season. It is likely then that the fountain grass fuel moisture content was higher
than in the dry season when wildfires are common. Thus, the prescribed burns
may not have been characteristic of wildfires in regard to intensity and duration.
For this reason fountain grass seeds present in the seed bank may have maintained
viability better than when wildfires occur. For the same reason, many fountain
grass culms may have survived the prescribed burns and regenerated quickly,

thereby acting as a source for local seed input.
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The third goal of this study was to determine the composition of the seed
bank at Pu’u Anahulu GMA. The seed bank is dominated by alien herbaceous
species with few, if any, shrub or tree species present in the soil samples. These
results are consistent with other studies that have been done on degraded
savannah or chaparral communities (Hill and French 2003; Williams ez al. 2003).
Overall, seed densities at the site were fairly low (see appendix B), as one would
expect in highly disturbed sites with high fire frequencif:s. The study site at Puu
Anf;hulu GMA has a fire frequency of approximately 6 to 8.5 yrs (WHWMO Fire
History map 2001; Mick Castillo unpublished data). So, any shrubs or trees would
likely not regenerate and flower before being burned.

| The paucity of native seed in the seed bank has several possible
explanations. First, these data concern the germinable seed bank. It is possible
that the seeds of some of the native species have a dormancy mechanism that
inhibits germination during the greenhouse incubation period. Second, since this
area has burned many times in the recent past, few native species are remaining in
the surrounding area. Hence, there may be no native seed input into the seed bank.
Finally, many of the native tree species common to dry forest areas such as
Erythrina sandwicensis and Diospyros ferrea are large-seeded and therefore
unlikely toiform a persistent seed bank (Thomas and Grime 1979).

The fourth goal of this study was to quantify the effects of fire and
herbicide treatment over time on the overall seed bank. Although no significant
changes are detected in species richness and seed density, some trends can be

discerned. Seed density in control plots increased over time, was stable in
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herbicide plots, initially decreased and then slowly increased in burn plots, and
initially decreased and stayed low in the burn-and-herbicide plots. The increase in
seed density in control plots may be related to rainfall concluding a long drought
(S. Cordell pers. comm.). Herbicide plots did not undergo a similar increase in
seed density over time. Herbicide treatment killed off the above ground vegetation
thereby prohibiting flowering. The initial decrease in seed density in the burn
plots is likely a result of seeds in the seed bank being killed or stimulated to
germinate. Over time, the vegetation recovers and begins to flower causing a slow
increase int the seed density. Finally, the burn-and-herbicide treatment shows a
similar trend as the burn plots. The herbicide treatment following the burn may
have inhibited the re-vegétation of the plots, thereby inhibiting the influx of *
locally-produced seeds into the seed bank.

In contrast, species richness remains relatively constant wnh respect to
time or treatment. A possible explanation may be due to the fact that Pu’u
Anahulu GMA has burned frequently in the past thereby reducing the historical
high diversity that existed in dry forest throughout the island of Hawaii (Rock
1913). Many of the species present in the research site are weeds commonly
found in disturoed habitats. The majority of the species found in the germinabie
seed bank are ephemeral or occur in such low densities that the likelihood of any
of these spectes becoming dominants is low. Three species which germinated
from the soil cores are possible causes for concern, they are: Melinis minutiflora,
Nicotiana glauca, and Senecio madagascariensis. All three of these species are.

considered invasive and have already spread throughout the islands of Hawaii.
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CHAPTER 4
Conelusion

This chapter revisits the specific research questions and hypotheses proposed by

this study followed by brief explanations.

RESEARCH QUESTIONS AND HYPOTHESES

1. Do P.setaceum seeds require light for germination?

H, P.setaceum seeds require light for germination.

Not supported, P. sefaceum seeds do not require light for germination. Seeds
germinate equally well in both light and dark conditions.

2. How is P.setaceum seed viability affected by fire (field) and heat (laboratory)?”
Field:

H; P.setaceum seed susceptibility to the effects of fire deceases with
increasing soil depth. )

Supported, seeds buried at depth of 2.5 and 5 cm were unaffected by the passage
of fire. Seeds on the soil surface showed mean 99% loss of viability either most
likely from combustion or exposure to extreme temperatures.

Laboratory:

H; P.setaceum seeds are heat intolerant and therefore not fi;'e-adapted.
Supported, viability begins to decrease when seeds are treated at 75° C for 3

minutés. Seeds treated at temperatures 100° C and greater show 100% viability

loss after 1 minute of treatment,
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3. What is the composition of the soil seed bank of the treatment plots at Pu’u
Anahulu?

H, The soil seed bank is dominated by alien species.

Supported, the sced bank at Pu’u Anahulu GMA is predominantly alien. Only 3

native species germinated from the seed bank soil cores.

4. Does P. setaceum form a seed bank?

H; P. setaceum seeds form a transient seed bank that fluctuates based on
seasonal flowering episodes.

Supported, fountain grass forms a seed bank that appears to fluctuate over time.
Rain data were lacking therefore I was unable to correlate seed densities with
rainfall.

5. How does herbicide treatment affect the fountain grass soil seed bank?

Hg If herbicide treatment is timed to prevent seed set, the fountain'grass seed
bank will decline.

Unsupported, statistically, herbicide treatments are no different from any of the
other treatments tested; however, some patterns are discernable. The fountain -
grass sced bank densities are reduced in the herbicide-alone plots and remain
relatively constant throughout the 1-year sampling period. This suggests that
flowering was inhibited by herbicide application thereby inhibiting the influx of
new seeds. At the 1-year sample period the fountain grass seed bank in the burn-
then-herbicide plots shows no difference from the burn-alone treatment.

6. How does the soil seed bank respond to fire?
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H; Fire will eliminate the fountain grass seed bank.

Unsuppported,; statistically, the fountain grass seed bank in the burn alone plots
is no different from other treatments, however, a decreasing trend in seed density
after the prescribed burns can be seen. This suggests seeds were killed by fire or
stimulated to germinate. Three months after the prescribed burns, the fountain
grass seed bink was depleted but fountain grass recovers and seed densities in

these plots increase over time.

Conclusion

The seed bank data collected over a 2-year time period have shown that
the fountain grass seed bank at Pu’u Anahulu GMA seems to fluctuate over
time{p=0.09). The results of this study indicate that the fountain grass seed bank,
while not significantly affected by treatment (herbicide, burn, and burn-then-
herbicide), showed some trends in response to treatment. The fountain grass seed
bank appeared to decline due to burning in both the burn and burn-then-herbicide
plots either due to the direct effects of fire or indirectly from stimulation of
germination. However, the seed bank began to recover over the year after the
prescribed burns. In the herbicide-alone plots flowering appears to have been.
Areduced, perhaps limiting the influx of new seed into the seed bank. Given the
large-scale nature of this study, it is likely that sampling techniques employed
were not intense enough to test the difference in treatments. Smaller sub plots
within the research site may have been more appropriate to show treatment

effects. In addition, the research site is extremely heterogeneous and contains

many refugia in which seeds may escape the effects of fire.
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Nonetheless, laboratory experiments show that fountain grass seeds are
negatively affected by heat treatment. P. setaceum seeds cannot withstand
temperatures in the excess of 100° C. Typical grass land fires are known to have
soil surface temperatures in the excess of 200° C. Temperatures measured at Pu’u
Anahulu were on par with these temperatures. Had the fires been continuous in
nature and the substrate homogeneous, it 1s likely that burn treatments would have
been more effective in reducing the fountain grass seed bank. No temperature
changes were detected beneath the soil surface (2.5 and 5 cm); therefore it is
likely that seeds buried in the soil would escape the effects of fire. However, the
morphology of the dispersal unit of fountain grass seeds is not conducive for seed,
burial.

In both the burn and burn then herbicide treatment plots, the fountain grass
seed bank was depleted at the 3 months post-burn sampling period. This may
prove to be an important window for the management of this invasive grass.
Repeated herbicide or burn treatments at this time, prior to addition of native
species may keep the fountain grass seed bank at low enough densities to allow
for restoration to begin. Given the paucity of native species present in the seed
bank, native seed augmentation will be necessary. Additionally, the soil seed bank
is dominated by alien species which may take advantage of the nutrients, space,
_!and light available after fountain grass has been removed. For this reason, more
in-depth studies on some of these species are warranted. The removal of one
invasive species may open a window for other aggressive weed species. In

f

particular, Melinis minutiflora, Nicotiana glauca, and Senecio madagascariensis
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occur within the seed bank at Puu Anahulu GMA and all are listed as noxious

weeds ip the state of Hawaii.
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Appendix A
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Histogram of soil depths taken at Pun Anahulu GMA. 100 soil depths were
measured off a transect through the middle of each plot for a total of 1200 soil
depth points. The substrate is extremely heterogeneous, consisting mainly of a’a
lava and scattered pockets of soil. Much of the soil consists of mainly a humus
layer of fountain grass leaf blades.
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Table 1. Pre-Bum Germinable Seed Bank (seedsr’mz) at Puu Anahulu GMA.
(* indicates native species). Plot description (letters): C= control, H= herbicide, B= burn,
and B/H= burn + herbicide. Blocks are labeled 1, 2, and 3.

Plot/Block C-1 H-1 B-1 BH-1 (-2 H-2 B-2 BH-2 C3 H-3 B-3 B/H-3
Ageratum conyzoides 0 0 0 0 t o 0 t 0 t 0 0
Cenchrus ciliaris 0 ¢ 0 0 0 0 0 0 0 0 0 0
Centaureum erythraea 0 102 102 0 i70 o 0 884 442 0 816 0
Chenopodium ambrosioides | 0 0 34 0 0 0 0 0 o' o 0
Chenopadium carinatum 0 0 0 0 0 0 0 0 0 0
Emilia fosbergii 1 0 0 0 b 1] 0 0 0 0
Galinsoga parviflora 0 0 0 0 0 0 34 102 0
Euchiton japonicum 34 272 238 68 272 34 0 272 102 34 544 374
Lactuca sp 0 0 0 0 0 0 1} 0 0 0 0 I}
Lepidium sp 0 1] 0 0 a 0 0 0 a 0 0
Melinis minutiflora 0 68 0 68 0 136 0 0 0 0 0
Nicoriana glauca 0 34 68 102 0 34 0 ] 34 680 0 0
Pennisetum setaceum 0 0 0 (34 \ 68 102 34 Q i} 272 0 170
Plectranthys parviflorus * 0 0 0 | 204 0 0 68 0 0 0 0
Piuchea indice 0 0 0 0 1] 1] 1] 0 ] ] 0
Porttulaca oleracen @ L 0 it 0 0 0 0 0 0 0
Ricinus communis 0 0 0 0 34 0 0 0 0 0 0 0
Senecio madagascariensis 0 0 0 0 t 0 34 0 0 34 0 0
Sida falfax * 0 L) 0 0 340 0 0 0 0 0 0 0
Sonchus oleraceus o 0 0 t 0 0 0 0 0 0 o 0
Verbascum thapsis 0 0 ] 0 ] 0 0 ] 34 0. 34 34
Wahienbergin gracilis 34 i} 136 0 0 68 0 374 0 0 340 408
Waltheria indica * 0 0 0 0 0 0 0 0 0 0 0 0
TOTALS 68 476 578 374 1088 34 68 1598 612 1054 1836 986
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Table 2. Post-Burn Germinable Seed Bank (seeds/m?) at Puu Anahulu GMA. (* indicates

native species). Plot description (letters): C= control, H= herbicide, B= burn, and B/H=

burn + herbicide. Blocks are labeled 1, 2, and 3.

Plot/Block C-1 H-1 B-1 BH-1 C-2 H-2 B2 BM-2 €3 H-3 B-3  B/H-3
Ageratum canyzoides 0 D o 0 0 0 o 0 0 0 0
Cenchrus ciliaris 0 0 0 0 68 0 0 0 0 0 0 0
Cenigureum erythraed &8 170 0 68 170 0 170 136 272 102 272 0
Chenopedium ambrosioides 0 0 ¢ 0 0 0 a 0 t 0
Chenopodium carinatum 0 0 0 Q t 34 0 0 0 )
Emilia fosbergii 0 0 0 0 0 ] 1 0 0
Gratinsoga parvifiora 0 34 0 0 0 0 ] 0 68 0
Enchiton japonicum 0 0 0 34 0 0 0 kL] 34 68 0
Lactuca sp 0 0 0 34 0 0 0 34 0 0
Lepidinm sp ] 34 0 0 0 ] ] 0 { 0
Melinis minutiflora 6k 0 0 0 0 0 0 0 0 0 0
Nicotiana glauca 0 0 0 0 0 0 0 34 68 68 0 0
Pennisetum setacenm 34 0 0 0 204 170 Q 102 0 34 34 0
Plectranthus parviflorus * 0 0 0 0 0 0 0 34 204 0 0
Plucheq indica 0 102 68 0 0 0 0 34 0 kL 4 0
Portulaca oleracen 204 0 34 0 0 0 36 0 0 0 0
Ricinus conumunis 0 0 0 0 ¢ 0 0 0 ] 0 0
Senecio mudagascariensis 0 34 0 t} 0 1] 1] 0 0 0 0
Sida fallax * 0 0 0 0 0 0 0 ¢. 0 34 ] 0
Sonchus oleraceus 0 0 0 0 0 0 0 0 0 0 0
Verbascum thapsis 0 i} 0 0 0 ¢ { 0 1} 0 0
Wahlenbergia gracilis * 0 0 0 68 0 0 0 68 0 68 0 0
Waltheria indica 68 o 34 0 ] o 0 0 0 g 0 0
TOTALS 442 374 136 136 5’76 238 306 374 476 612 408 0

—e
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Table 3. Three Months Post-Burn Germinable Seed Bank (seeds/m?) at Puu Anahulu GMA. (¥
indicates native species). Plot description (letters): C= control, H= herbicide, B= burn, and B/H=
burn + herbicide. Blocks are labeled 1%, 2, and 3.

Plot-Block C-1 H-1 B-1 8/MH-1 C.2 H-2 B-2 B/MH-2 C-3 H-3 B-3 B/H-3
Ageratum conyzoides o o 4 0 a 0 0 0 0 g i
Cenchrus ciliaris 0 0 0 0 0 0 0 0 0 a 0
Centaureum erythraen 442 02 0 0 782 0 ] 374 476 0 238 0
Chenopodium ambrosivides 0 0 0 0 0 0 0 0 0 0 0
Chenopodiam carinatum 0 0 G G g g 0 i4 68 0
Dodonaea viscosa * 0 0 0 0 68 0 0 0 0 0 0
Emilia fosbergil 34 0 0 0 0 34 0 0 170 0 0
Galinsoga parviflora 0 0 0 0 102 0 0 0 136 0 34 0
Euchiton jeponicum 0 136 170 102 34 34 34 204 850 0 782 34
Lactuca sp 0 0 L 0 0 0 0 0 0 0 0 0
Lepidium sp ¢ 0 0 0 0 0 0 0 ] ] 0
Mefinis minutiflorq 0 0 & 0 34 0 0 0 [ 0 0
Nicotiana plauca 34 0 34 0 34 34 0 0 0 0 0
FPennisetum setaceum 272 68 0 0 272 68 0 0 102 102 0 0
Plectranthus parvifiorus * 0 0 0 0" 0 0 0 0 0 ]
Pluchen indica 68 0 0 ] 68 0 0 34 G 0
Portulaca oleracea 0 0 0 0 0 0 0 0 0
Ricinus communis 0 0 0 0 0 0 0 0 0 0 0
Senecio madagascariensis 0 0 0 0 68 0 102 102 a 34 0
Sida fallax * 0 0 0 34 0 204 0 0 0 ] 0 0
Sonchus oferaceus 0 0 0 0 0 0 0 0 0 68 0
Verbascum thapsis 0 0 0 0 0 0 0 ) n 0 0 f
Wahlenbergia gracilis 0 0 102 374 0 136 0 34 0 136 0 0
Waitheria indica * 0 5 0 0 0 0 0 0 0 0 0 0
TOTALS 850 306 306 510 1394 578 34 714 1870 340 1156 34
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Table 4. Six Months Post-Burn Germinable Seed Bank (seeds/m?) at Puu Anahulu GMA.
(* indicates native species). Plot description (letters): C= control, H= herbicide, B= burn,
and B/H= burn + herbicide. Blocks are labeled 1, 2, and 3

Plot-Block C-1 H-1 B-1 B/H-1 C-2 H-2 B-2 B/H-2 C-3 H-3 B-3 B/H-3
Ageratum conyzoides o 12 o0 34 0 0 0 0 102 3 148 0
Cenchrus ciliaris Q 0 0 0 ¢ 233 i} 0 0 0 0 0
Centaureum erythraea 4 34 0 0 238 34 34 136 578 ] 68 0
Chenopodium ambrosioides [ 0 0 0 i 0 0 0 0 0 0
Chenopodium carinatum 0 0 0 0 0 0 0 0 0 0
Dodoenaen viscosa* Q G g 4 ¢ 0 0 0 0 0 0
Emilia fosbergii 0 34 0 0 0 0 34 0 0 0 0
Galinsoga parviflora 0 0 ¢ 0 0 ) 0 0 68 0 0 0
Euchiton japonicum 170 170 170 34 170 ¢ " 68 34 4692 34 1558 102
Lactuce sp i} 0 0 0 Q 0 0 0 IV, 0 o 0
Lepidium sp 0 0 ¢ 0 0 0 0 0 0
Melinis minutifora o 6 0 o0 0 0 0 0 0
Nicotiana glauca 0 0 0 0 0 0 0 0 0
Pennisetum setaceum 68 34 0 Q 34 102 Q 34 34 68 68 0
Plectranthus parviflorus * 0 0 0 0 0 0 0 102 0 0 0 0
Pluchea indica 0 0 34 34 34 68 0 0 0 34 0 0
Portulaca oleracea 0 34 0 0 ] 34 0 0 0 0 0 0
Ricinus communis 0 0 0 0 Q { Q0 ) A 0 0 0
Senecio madagascariensis. 0 238 238 0 0 0 34 34 02z~ @ 0 102
Sida fallax * 0 0 0 a 34 0 0 0 0 0 g 0
Sonchus oleraceus 0 0 0 0 34 0 0 0 0 0 0 0
solanum spp 0 (L 0 0 34 0 0 Q 34 Y 4 0
Verbascum thapsis 0 0 ¢ ] ] 0 0 0 0 0 0 0
Wahlenbergia gracilis 0 0 0 0 0 0 0 0 0 0 0
Waltheria indica * 0 0 0 0 0 0 0 0 ¢ 0 0
TOTALS 238 646 442 102 578 476 170 340 S6l0 170 3162 204
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