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Abstract

Dry forest ecosystems in Hawiabnce supported a rich diversity wdtive and endemic
speciesHowever thediversity, compositiondistribution ecosystem structurand functiornof
dry forests hee beensignificantlyaltered due to human impacisyasivespeciesandwildfires.
As such, there is a great need for landsdapel restoration of dry forests, and the development
and testing of methods for reintroducing native species in altered habitkiBr &\in particular,
is asignificant threat to vulnerable Hawaiian dry forests, with thousands of acres burned
annually. These burned areas have high restoration potential through the use of methods such as
native seed broadcasting, yetv studies have investigated the effectiveness of direct sefiing
ecological restoratiofollowing wildfire in Hawaiianlowland dry forestsA broadcasseeding
experiment was established at the Wik Dry ForesPreserven 2018after a18,000 acre
wildfire burned through a portion of tipeeserveg22 acres)To restore native plants to the area
after the firethe seeds of 10 native plamterebroadcastd ta & a(Dadd@naea viscoga
6 Uw e g@henopodium oahuensdlima (Sida fallay, wiliwili (Erythrina sandwicens)s
diwikiwiki (Canavalia hawaiiens)skolomona 6enna gaudichaudijiko 6 o k o(Bigehsa u
menzies), mU ma (Sephora chrysophyljapua kala Argemone glaudaandd [ei (Oseomeles
anthyllidifolia). Seed were broadcasteahderboth a shorttfiree rounds of herbicidbetween
October2018 July 2019 and longterm (i-annua) October2018October 2021lweed
management treatment and in a fenced and unfenced siggetation survewascompleted
three yearpostfire to determine the density, richness, and diversity of nglaetspecies
between treatmentS€ompared to the sherermtreatmentwhich observed only 3 specjdise
long-term weed managemeihiree yearpostfire containeda higherdiversity of native pecies

with four of the eleven seextattered species presehtelongtermremoval of nomative plant



speciesallowedthe native&afalid (Dodonaea viscodadé U w e d®@henopodium oahuense

dlima (Sida fallay, and wiliwili (Erythrina sandwicens)go germinate and young plants to
establishThere veresignificantly mored U w e camdéacd aih thefong-term weed
management treatmecdmpared to the shetérm weed management treatment, Hreddensity,
richness, and diversity of native seedlings establisterdalsohigherin thelong-term weed
management treatmeffthe density (mean stem count$) o 6 U w e asx greatem(1483%
increasgin thelong-term comparedtoshetter m t r eat ment defsttymas&«3 year
greater (989%ncreas¢ a n d dedsitylvas Bxgreater (1077%ncreasgin thelong-term
compared to shotterm treatment afteahreeyears. A Multiple Response Permutation Procedure
(MRPP)showed that species compositwas significantlydifferent (p<0.05)betweerthe long
termweed management treatmemd shorterm weed management treatmdnally, no

scattered seed species germinated in the presence of ungutlateshe unfenced site
Controllinginvasiveplants(e.g, fountain gras¢Cenchrus setaceo))swith herbicidelong-term
(three yearsallowed the native seeds that were broadcastgdnuainateand establish before the
invasive grasseinvaded the are8roadcast seeding can be an effective restoration tool in post
fire Hawaiian lowland dry forests, but onlythin anunguate-free fenced unit. Moreover, long

term weed management is critically needed to increasestablishmendf native plant species.
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CHAPTER |I. INTRODUCTION

1.1 OVERVIEW

The main objective of this thesis is to investigate the effectivendssadcast seeding
(i.e. direct seedingseed scattgas a method for restorirejowland dry foresafter a wildfire
disturbancet the Waikdoa Dry ForesPreservel examinel the effecs of broadcast seedirand
targeted weed control strategies on the success of native dry forest plant restuedigmrs
postfire. This experiment included treatments to suppress and removeative grasssand
invasive plantswith longterm (three years dbiannualherbicideweed managemerdnd shor
term weed managemefthreeroundsof herbicidetreatmentsOctober2018 July 2019.
Vegetation cover survey data and environmental varidiylpsthesized to influence plant
community dynamicsvere collectedrom September October2021and analyzed using
multivariatetechniquesThis studyis important because tie critical needor informationon
effectiverestoration techniques in Hawaiian dry forest ecosystetmsh are severelthreatened
by wildfire, drought, and invasive specieswrstudies have investigated the effectiveness of
direct seeding following wildfire disturbance in lowland dry forests ia w a yetthis
technique holds great promise for scaling up restorafilmntsi n | eewar d Hawai @i
1.2 BACKGROUND

1.2.1Dry Forests

Dry forests comprise nearly half of the world's-grdpical and tropical forests
(Sunderland et al. 2015). Dry forest ecosystems once occupied a considerably larger area and
remain significant, supporting up to a third of the global human populatiorbdigin today
(Miles et al. 2006). Dry forests provide a wide range of ecosystem services and support

biodiversity,as well asupportthe agricultural systems of millions of subsistence farmers



globally (Chidumayo and Gumbo 2010). Diverse groups of plantsanimalshatinhabit dry
forests have evolved unique characteristicstihat adapted thetn the contrastingclimatic
extremesexperienced by these ecosystems

Temperate dry forests are seasonally dtyich means periods of low rainfall and
seasoal droughs (Bullock, Mooney, and Medina 1995There is geographic variability in the
forests that comprise this ecosystem. Temperate dry forests adotnggated systems with
closed canopies that are deciduous in the dry season. The close@sauppress grasses and
fires, making this ecosystem distinct from a savannah (Bullock, Mooney, and Medina 1995).
Tropical dry forests remain among the world's most threatened and least studied forested
ecosystems (Janzen 1988; Sunderland et al. 2015)poked internationallyy researcheris
favor of humid tropical forestslespite tropical dry forests' higher deforestation rates (Blackie et
al. 2014; Miles et al. 2006). Today, dry forest ecosystems face higher human development
pressures than humidrists (Sunderland et al. 2015).

1.2.2Tropicaland Pacific Islandry Forests

1.2.2.1Tropical Dry Forests

Tropical dy forests covell,048,700 kri(259139, 414 acréswithin five maintropical
regiors - North, Central and SoutiAmerica, Africa and EurasigMiles et al. 2006Murphy and
Lugo 1986 - sparnng a climate zone that is characterized by a tropical climatk,seasonal
rainsfollowed bya dry period (Blackie et al. 2014). Dry forests occur in areas where annual
precipitation is between 502000 mm(20i 79incheg and potential evapotranspiration exceeds
precipitation (Van Bloem et al. 2004). Rainfall occurs in one or two seasons each year
depending on the latitude of the forest. Dry forests experier@ &y months (<50 mm

rainfall) each year (Van Bloem et al. 2004). However, the dry season's length, rainfall



distribution, and amount of rainfall are highly variable. The only consimosssitesis the
occurrence of a dry season (Murphy and Lugo 1986; Van Bloem et al. 2004). Dry forests occur
in nearly every tropical country, comprising 42% of tropical forests, and have the largest
proportion of any forest type (Van Bloem et al. 2004). Dry feras¢ foundicross continents,
from India, Mexico, eastern South America, northern Austrédidfrica. Theyare alsdound in
smaller tracts in the raishadows of tropical islands, Central America, and western South
America (Van Bloem et al. 2004). Onaeifying characteristic of the dry forest climate among
northern Latin America, Africa, and Thailand is the strong seasonality of rainfall distribution.
Differences in rainfall amount and the duration of the rainy season may drive differences in
canopy haiht, total biomass, and productivity foundtiapical dryforests (Bullock et al. 1995).
1.2.2.2Pacific IslandDry Forest

Dry forests of the tropical Pacific region are limited to relatively large oceanic islands
where mountains create drier rahadowegions.Dry forests in Fiji, New Caledonia, and
Hawaid support many endemic speciasdtheseforestsare critically endangered with only
remnants remaining (Gillespie et al. 201B).demic plant species in these island ecosystems
have small geographic ranges (Muelmbois and Fosberg 1998). éher andLindenmayer
(2007) state that the majority of remaining native dry forest fragments in the Pacific can be
considered relistbecase they have been reduced to less than 10% of their original cover, and
most of these remaining fragments are less than 100 he@dieacrel Dry forests in these
areas merit the highest conservation pricoiy of all ecosystem typeas the Pacific, based on
the level of endemism and the number of threatened species pretiespie et al. 2014Pau et

al. 2009.



1.2.3Tropical Dry Forests in Hawai

In Hawaii, owing toorographic effect produced blye high elevatioral exent of the
mainislands( i . e . , Kauadi , Megioiestec@gsteras ak represented iy twp
forest subtypes: lowland dry forest and subalpine dry forest (Wagner et al. 1998atiViedry
forest plant community has a woody overstory and an understoryathdite shrubby or
herbaceous (Wagner et al. 1999). Lowland and morgabelpine dry forests historically had
large geographicangesacross all the main Hawaiian Islands (JaSalas et al2(0).

Biodiversityin native dry forests is high whemmpared to other native ecotypes in the

Hawaiian Islands@abin et al. 2000JavarSalas et al. 2Z2D; Pau et al. 20Q9Rock 1913),
Hawaiiandry forests today are extremely deforested, fragmented, and degraded (Cuddihy and
Stone 1990). As a result, theitieice of remaining dry forest fragmentsfisgrther reduced (Pau

et al. 2009). In Hawai, 45% ofextant nativedry forest plant species are at risk of
endangermengnd25% of thefederaly and state listeédndangered plant taxa in Haiaredry
forest specieMoreover, due primarily to nenative and invasive species and anthropogenic
impacts,approximately 20% of dryland plant taxa in the Hawaiian Islands are known to be
extinct (Sakai, Wagner, and Mehrhoff 2002). Today, itis estimated thatdror est s i n Ha
currentlycoveronly 1,067km? (263,661 acreq)avarSalas et al. 220), which is estimated to be
less tharl - 5% of the original distribution of lowland dry foredtsat occurred prior to human
settlement of the Hawaiidslands(Sakai et al. 2002; Pau et al. 2009).

High levels of deforestation and degradation of tropical dry forests on these islands stem
from a long history of anthropogenic disturbaifikech 1982).The Polynesians were the first
humans to arrive in thdawaiian Islands betweepproximately AD 1000 and 12@Rlirch

2011). Polynesiarsettlemenbf the Hawaiian Islandsiarks a turning point in the environmental



history of theregion where land use changed the natural environment through settlement
patternsagriculturethe introduction of nomative animal&nd plantsand resource
consumption (Kirch 1982). Most landscape modification was concentrated in the coastal
lowlands,with little evidence of substantial modification lufjherelevationmontane

ecoystems. European arrival in 17@8d subsequent colonizatiurther impacted forest
ecosystemghrough thantrodudion of non-native ungulate¢e.g., cowgBos tauru}, sheep

(Ovis ariey, goatyCapra aegagrus hircyy non-native animals€.g.,rodents)and insect pests
(e.g., mosquitoes that carry avian malagylthe intensification of agriculturé-or example
large-scale commercial practicesch as cattle productided to the conversion afpland native
forests intgpasturelansl dominated by nenative fireprone grassedlative ®ed arepredaed

by introduced rodentshis results in @low population decline of common native trees even in
areas actively managed for conservafibicktin et al. 2023)Primary stress's to dry forests
todayinclude habitat destruction and modificationrmn-native andnvasive ungulateglants,
pests, wildires, drought, development, and climate change (Cabin et al. 2000; Siyum 2020).

1.2.4Threats to Dry Forests

1.2.4.llmpacts: Ungulates
Hawai @i ecosystems evol ved wtheteforevulterabltea mmal i
to damage inflicted by introduced ungut&razingand browsindy domestic and feralattle,
pigs, sheepand goats destroy native vegetation andinarease alien species invasions
(Leopold and Hess 2017; Cabin et al. 20Q0)gulate impacts hauwesulted in the virtual
absence of native canojryee regeneration within the remaining doyest fragments in this and
other areas of the Hawaiian Islands (Bruegmann 19864 result, ontrolling and removing

ungulates is often the first step for mcting, restoring, and conserving native ecosystems in



Hawai @i (Stone et al. 1992). Qaoemovindand abl e t
excluding ungulates from native forest ecosystems. However, existing data indicates that despite
protection fromungulate, there is little recruitment of native canopy trees or shrubs (Weller et
al. 2011; Loope and Scowcroft 1983; Stone et al. 188djhatthe plantingof seedings for
populationaugmentation or reintroductidras become an important tool for egetem
restoation
1.2.42Wildfirei n Hawai di

"Wildfire" is the term used to describe any unwanted or unplanned fire burning in
undeveloped landegardless of whether it is natural or humiagiuced(Zouhar et al. 2008)
Before human arrival, wildfire ignition sources in Hadare thought to have been limited to
volcanic activity and infrequent dry lightning strikes. Soil charcoal evidence has suggested that
wildfires were infrequent with highly localized effecBufney et al. 1995Crausbay et al. 2014
Smith and Tunison 1992and as a result, many native Hawaiian plants have limited adaptations
to fire as a frequent ecological disturbance (LaRosa et al. 2008, but see Vogl 1969). Humans
have increased wildfire occurrence across the archipelago by significantly increasingther
and frequency of ignitions arxy introducinghighly flammableplant specie§Trauernicht et al.
2015, especially nomative grasselke fountain grasg¢Cenchrus setaceouand buffegrass
(Cenchrus ciliari$ that easily carryire and recoverapidly after a fire (Smith and Tunison
1992).

The natural fire regime in Haw@has been altered by the rapid spread of introduced
grasses that comprise-28% of the island's land area (Trauernicht et al. 2015). The frequency
and severity bwildfires have increased over tinas well(Brooks et al. 2004Smith and

Tunison 1992 leading to the decline and degradation of remaining tropical dry foagshens

m



(Elliott Parsonspersonal communicationyoday, nine out of tewildfires are estimated to be
humancaused in Hawai (Trauernichtet al. 2015). Warming air and changing rainfall patterns
from climate change are expected to increase wildfiretoidloth natural and human
communitie TETRA TECH 2018, Section 4 risk assessméiit News 2018 Trauernicht
2022. Heavier rain increasegass growth and makes more fuel which, when followed by
intense droughts, increases the likelihood and intensity of fires (TETRA TECH 2018, Section 4
risk assessmentrauernicht et al. 2035

In Hawaij, a single grasfueled fire can kill most native trees and shribthe burned
area(Smith 2016). Grass canopies support a microclimate in which surface temperatures are
hotter, vapor pressure deficits are larger, and the drying of tissues is morgnaapial forests or
woodlands (Brooks et al. 2004pEntonio and Vitousek 1992). Conditions that favor Siaee
much more frequent in grasslanb&n-native nvasions can set in motion a grass/fire cycle
where alien grasses colonize an area and provedgné fuel for the ignition and propagation of
fire (Mack and [@Antonio 1998; [@Antonio and Vitousek 1992). Following gralkeeled fires,
alien grasses recover more rapidly than native species and can further ip@etisemmunity
susceptibility to fie (DAANntonio and Vitousek 1992). Overallpgulates andrass invasions set
in motion a positive feedback cycle that leads from a nonflammable, mostly-dativeated
woodland to a highly flammable, low diversity, aidominated grasslan@leopold andHess
2017 Mack and @Antonio 1998; @Antonio and Vitousek 1992). Peiite rehabilitation is
critical to maintaining native species and community structure under novel climatic conditions.
1.2.4.3Ecological Restoration

Ecological restoration is a process that initiates or accelerates an ecosystem that has been

degraded, damaged, or destroyed with respect to its structure and exchanges with surrounding



landscapeéPalmer, Zedler, and Falk 2006ann etal. 2019). Ecologicalestoratiorplays a
central role in maintaining biodiversity andastablishing essential ecosystem functions and
services (Funk et al. 2008; TEEB 201B3ological restoration is a critical tofur preserving
degraded tropical dry forests in Ha@wadhat are currently under the pressurdiod and invasive
speciesRecoverysucces®f native plants from fire is difficult to evaluate in Hawaiian
ecosystems because it is strongly influenceddmipetition fromalien vegetation (Smith and
Tunison 1992).

Restoration techniques seek to accelerate the recovery of ecosystemsatsirale
recovery in some original ecosystems (e.g., tropical dry forests), can be arrested or slow, taking
up to 500 yearfor full recovey (Kartawinata 1994; GuariguatadOstertag 2001; Smith 2016).
Considerable money, time, and resources have been spent globally on restoring degraded lands
by using two main reintroductidaugmentatiotechniques: 1) direct seeding and 2) the planting
of seedlings (FlorentineandWestbroole 2004). Direct seed broadcastingiglant restoration
techniquewherdoy seed is sown directly onto the grouniih the goal of reestablishirgant
populations Reintroduction approaches that involve techniques such as planting or direct
seeding are ofin desirable to accelerate recovery where lands are so degraded that natural
vegetation cover cannot recover unaided (Benayas 2B8dgdcassteeding, if a viable strategy
for largescale restoratiom tropical dry forestscould have several advantage®r outplanting
Disturbed habitatwith depleted native seed bardauld be revegetated quickly and cheaply, as
seeds cost less than seedlings, andssaestasier and cheaper to transport and store than
seedlingsBroadcasseedingequires lestime and labor when compared to planting seedlings,

and a mixture of trees, shrubs, and ground cover can be sown simultaneously.



An alternative approach is the planting of seedlings raised in nurseries, but this approach
is expensive and takes much mameet Other issues associated with nurseopgr seedlings
include: the potential mismatch between the microclimate seedlings are grown in cotopared
where they areutplanted; plantsnay beplanted incorrectly; seedlings may not be planted at the
ideal tme and could be rootbound; potting mix could introduce mative pests, pathogens, and
weeds to the area planted;additionplants grown with high levels of nutrients (provided by
nursery managers i.e., fertilizer) can be more susceptible to herbivory.

Of the two restoration techniques, direct seeding may be usefel when managers are
faced with restoring vegetation @xtremeclimates particularly in tropical ecosysterasd sites
with depleted native seed bar(kdcDaniel et al. 2011Palma and Laurance 201B8yoadcast
seedings more economically viablébut some disadvantages include poor germinatingulate
impacts,and severe weed competition leadindpigh mortaity of seedlinggEvans 1982)This
research seeks to better understand how weed control efforts andth@ungulates influence
the success of pefite seed broadcasting. Weed control may increase the success of native
species and ungulates impaetay reduce the effectiveness.

Giventhelargs cal e degradation of tropical dry fo
other stressors, restoration approaches that can be applied at large scales are needed to maintain
biodiversity, especially as climate clgis expected to exacerbate the impacts of wildfire,
drought, and invasive speci@anch et al. 2021Frazier et al. 2022Trauernicht 202
Broadcast seedingay be a critical restoration tool for restoring large areas of degraded or
destroyedropicaldry foress, yet information on the effectiveness of this method is largely

lacking



In August of 2021, one of the largest wildfires in state history occurred at Parker Ranch,
burning 47,000 acres of state and private land on Halskind (Jense 2021, almost 1.9% of
the entire islandThis fire and otherecent largdires demonstratthe need foradditionaltools to
reforest and revegetate burned ecosystems, not only to protect and promote native plant species
but also to reduce future fire risk. A recent study by Hawbaker @Cd7) indicated that fire
risk is lowest in forested landscapes, medium risk in shrublands, and highest in gsas$land
restoration okxoticgrasslands to forested ecosystethaefore mayreduce future fire risknd
could be an important stratefyr protecting both human communities and ecosystems in the
future
1.3STUDY SITE: WAIK &LOA DRY FOREST PRESERVE, WAIK &LOA HAWAI 4

Waikd oa i s a(nl aanhdu pduiavdiasi on) | ocated on the w
situated between the ahupuada of LUI Ulwal o and
makes it one of the driest places in HadvéGiambelluca et al. 2013)Vaikdoawas once a
diversenativelowlandforest(Cuddihy and Stone 199Baucette 201,(Rock 1913. Today, the
remaining foresof Waik@doa represents good example afwiliwili (Erythrina sandwiceris)
dominated lowland dry forésvith occasional maturrees scattered across the landscape that are
surrounded mostly by nemative grasse§ he Waikdoa Dry Forest Initiative (WDFl)an
organization dedicated tlry forest restoration in the aresaworking hardhrough community
engagement, restoration, and ecological rebdaneestablish the native plant commurtitat
once dominatethea h u p of Waikédoa.
1.4 OBJECTIVES OF RESEARCH

My primary goalsin this thesis are to 1) compare the effectivenessaddcast seeding

combined with weed control on the regeneration, density, richness, and diversity of native
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species and 2) understand the efeftnonnative ungulates on natilmoadcast seeding
success. My study site is located at a revegetation trial within the@dailory Forest preserve.

1.4.1 Research Questions

My specificobjectivesand questionare as follows
1. Isbroadcast seedirasuccessful restoration tool to establish native Hawaiian lowland
dry forestplantspecies following a wildfire disturbanc&he establishment of native
species is considered O0successful d for the
2. Does longterm weed managemeimiad to more successful restoration outcomes using
the broadcast seedingethod in posburn dryforestenvironments?
3. What are the effects of namative ungulates on natil@oadcast seediras a method for

postfire restoration of dryorestenvironments?
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CHAPTER Il. PLANT COMMUNITY ASSESSMENT FOLLOWING BROADCAST

SEEDING AND WEED REMOVAL INA DEGRADEDHAWAIl a1 DRY FOREST

2.1 INTRODUCTION

Following a wildfire disturbance in the lowland dry forest of WWidka in August2018,
an experimental revegetation trial was designed and implemented by th@a&l/ddky Forest
Initiative (WDFI) to inform managers on the effectivenesbrofidcast seedirags an approach
to lowland dry forest restoration. The experiment included weed control treatments to suppress
and remove nomative grasses and herbaceous spguostfire followed by broadcast seeding
of native plant species and then follaw weed combl. Theexperimentatreatments included
seed broadcasting followed yng-term and shofterm weed managemerindseed
broadcastingn an ungulatdreefencedenclosureand an unfenced siteith ungulate accesin
thisthesis | compare thg@lant community outcomesf long-termand shorterm weed control
efforts and the effects of ungulate browsing pressufgraadcast seedirgccess.
2.2 METHODS

2.2.1 Site Description

TheWaik@oaDry Forest Initiative( WDFI) is anon-profit organizatiorthat manages a
2755acre preserve that protects r emna(seeFiduewl and
1). This lowland dry forest receives 2384 mm(8-13 inches)f rain annuallyGiambellucaet
al. 2013. The substrate is composed of several lava fitnasare~20,000yearo | d r &Jugh 6 a6
with more developed soil that originated from Mauna Kea, and other parts of the preserve are on
ayounger2,250yearo | d pUhoehoe f | oMaubaliaeathe bhoehagi nat ed f r
bedrockis covered in places by a thin layer of soil matgi®derrod et al. 2031The study area

is located on the vyoun g eungulatdétclostohfemee(6fstallhogt r at e .
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wire) was installed in 201and all ungulatefferal goatsvere removedand the unit is managed
as arungulatefreearea The dry forest preserve fence protects some of the remaining native dry
forest tree species in the region, including wiliwidirythrina sandwicensjspecies
nomenclature in this studgllows Wagner et al. (1999and the state and federally endangered
uhiuhi (Mezoneurorkavaiensg of which less than 50 known wild individuakmain on
Hawai @i Il sl and, placing this species on the s
managed by thelawaid Plant Extinction Prevention Program (PEPP). However, the understory
at WDFI is largely dominated by narative and invasive grasses and these areas are being
reforestedvith native plants that onagere more commonly found Waik@oa with the help of
preserve staff and community volunteers.

In August 2018, a portion of th&DFI preserve was impacted by a large wildfinat
threatened the community of Wélka Village and burned within the surrounding rangelands
The total burned area for the greater Wik regionwas7,284hectares 18,000 acres and
approximatelyeighthectare422 acreyof non-nativegrassland burned within tMyDFI fenced
preservegFigure 1) The fire wasnitially contained and kegtom burning the entire WDFI
preserve by bulldozer operators cutting fuel breaks dowmrneralsoil/rock as well as the
existing fire fuel break systems. Unfortunately, due to high winds during the fire event, a spark
was carried across the fuel bregktem and began burning within the preserve. The 22 acres
that burnectonsisted predominantly of nerative fountain grasCenchrus setaceo)ys

buffelgrass Cenchrus ciliarig, and very sparse indigenosisrubd haloa Waltheria indica.
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2 Miles

Figure 1. Map of the northerside of Hawai Island, depicting th@75acreWa i k @1 o a fenceyperimetgr e s t
WDFI broadcast seedirgjte, the August2018 fire perimeter in orangandvegetatiortypes.Sources WDFI fence
andbroadcast seedirgjte- from WDFI; vegetation typedJSGS Carbon Assessment Hafvaroject fire

perimeter 2019 1999 Hawdi Fire Perimeters shapefilefrom Clay TrauernichtHawai Landsat Imagery with
Bathymetric Filllayer,coastlindlayer St at e o Officélad Mamming and Sustainable Development
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Following the wildfire in October 2018, WDFI staff began gathering seeds for a
broadcast seedirexperiment and conducted weed management chative grass rgrowth in
the 22acre burned ardavo monthsafter the fire using herbicideshis site was unmanaged by
the WDFI before the fire due to difficulties accessing the remote area, challendgstiopn
the pUhoehoe substrate, a n thebrohdeastlseedig of nat i v
experiment is set across an elevation gradieB06332 metersk,000 feet to 1,00 fee). After
the initial weed management and seed scatter, thevagteonitored for native species
recruitment, and a large section still receives weed managementélomgveed management).
It is unknown ifbroadcast seeding lowland dry forests will lead ttherecoveryof native plant
populations, and to what exit longterm weed management is necessarylant recovery.

2.2.2 Experimental Design

2.2.21 WeedManagement
Within onemonth after th018wildfire, non-native grassesr(ainly fountain grass
(Cenchrus setaceo)sbegan resprouting within tl#2-acreburned area. This is commonly seen
after wildfiresi n | eewar d Ha wa (Cénchrua setadeaudpestnat iypicallg diea s s
during grassland fires; while the abegwund biomass is ofterompletely removed by fire, the
roots are protected by the soil and burned grasses typicafyroat following rain within a few
months postire (Elliott Parsonspersonal communication)Vith the collaboration of WDFI and
H a w aDiivigion of Forestry and WildliféN Up u @ u Co n s e field aréwi (supportedby j e c t
aUSDA Forest Service Fire & Aviation Managemésttant?), the invasive grass-growth

within the preserve was backpack gméwitha waer-based 1.% solution containindRoundip

1FY17 USFS STATE FIRE ASSISTANCE PROGRAM
COMPETITIVE GRANT #86711052012121 to State of Haw&iDLNR DOFAW
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PowerMAX (BAYER AG) glyphosatebasecdherbicide Brandt Bigfoot (Blue Dye) was used in
all herbicide applicationt mark sprayed locationat a ratdetweer0.4%and0.8%.

Initial treatment oherbicide application began in September 2@t monthafter the
wildfire) with a 1.5% solution which proved insufficient to kill the grass. The initial treatment
was followed up with another herbicide treatmerd 896 solution of Rounap in October 2018
and herbicide was applied at this higher rate theredteed management within the 22 acres
has been implemented at biannual intervals since October 2018. Starting in July 2019, weed
management was terminated in half of the 22 adoeeaus&VDFI possessed limitestaff
capacityandto determine the effects of shedrsudong-term active weed management on
restoration succest is important to note that thisroadcast seedirexperiment does not haee
propercontroltreatmen(i.e.,a location where the wildfir®urned,and no weed management or
broadcast seedingas implemented WDFI observed the rapid regrowth of invasive grasses
after wildfire both within and outside of the fenced aaethe preservyeas well a®ther burned
dry forest sitesand it was assumed theproper control (i.e., a burnedtino herbicide
treatmenfwould result in the rapid dominance of these invasive grésdeaed by competitive
exclusion of anynative plant specigbat germinated

The 22 acresf the preservevere split into three treatments

1. Longterm weed managemeritl acregongoingbiannualherbicide treatmentfsom
October 201&o October 2021October December 202fhesis vegetation survey)reatment
was effectiveandkilled themajority of weeds acrosd! 11 acres.

2. Shorterm weed managemef® month$, acrossl1 acregOctober 2018July 2019

Treatment was effective, kitig themajority of weeds acrosal 11 acres.
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3. Shortterm weed managemef® month$, across &.25acre gridoutside the WDFI fence in
the presence of ungulatelree rounds of herbicid®ctober 2018uly 2019) Treatment was
effective,andkilled the majority of weeds acroghe 0.25acre grid

The WDFI used two weed management strategies: the initial kahmwek of grasses
resprouting after the firand targeted sprayiraf new weeds colonizintpe area posdnitial
herbicide treatmenBackpack sprang of herbicidewas done by targeting all norative species
(herbaceous, woody, and grasses) in the initial knockdown. Folfogpraydgor both shorterm
and longtermweed managemefacused on target species. Target perennial weed species and
grasses duringecondary herbicide appdittonsincluded fountain gras€gnchrus setaceo)s
buffelgrass Cenchrus ciliari$, indigo (ndigofera suffruticosp tree tobaccoNicotiana glauca,
sourbush Pluchea carolinens)s golden crownbeard/gerbesina encelioid¢snd fireweed
(Senecio madagascariengis

Initial postfire treatment of 225 acres took 240 personnel hours and 700 gallons of 2%
glyphosate solution. This breaks down to about 10.9 hours/acre and 63.6 fl oz. of herbicide per
acre(Table 1) Follow-uptarget herbicidapplicationgook about half the resources of the initial
applications Secondary treatment: personnel hours 3.9 hours/acre and 46.4 fl oz. of herbicide per
acre. Third Treatment: personnel hours 5.4 hours/acre and $%.5ofl herbicide per acre.
Fourth Treatment: personnel hours 4.8 hours/acre and 47.1 fl oz. of herbicide per acre. Fifth
Treatment: personnel hours 7.0 hours/acre and 23.2 fl oz. of herbicide per acre. These numbers
revealthe high initial cosbf the hebicide application, but also demonstrate decreasing costs

over time due to the decreases in staff time and amount of hertgqudieed.
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Table 1: Herbicide application costs of personnel hours and herbicide required péFtecterbicide applied per
acre is withinthe recommendations for this herbicide on perennial grasses.

Herbicide Application | Personnel Herbicide per
Treatment Hours/Acre acre (fl. 0z.)
Initial treatment 10.9 63.6
Secondary treatment | 3.9 46.4

Third treatment 5.4 51.5
Fourthtreatment 4.8 47.1

Fifth treatment 7.0 23.2

2.2.22 Seed Collection and Scattering
Seeds for théroadcast seedirexperiment were collected from a variety of native
Hawaiian plant sources, primarily from existing restoration areas withM/fDiel preserve.
Additional seeds were donated from partner organizations via the &léskand Seed Bank.
WDFI held several voloteer opportunities and was able to have community members collect
seeds from plants across the preserve. In total, 148 volunteer hours were utilized to gather seeds
o f @l odonaea viscoda, 6 U wGhenepedium pahuense 6 $idaifatad, and
kodkodlau Biders menzesii). Other seeds listed below were already cleaned and in storage or
donated by partner organizations (ekja wa i a i | s |, andrdemisees efdhe Bra n k
Forest Hui 60hana) . A t actosghe 22 dcreth thisexpennmerti es we

(table2).
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Table 2: Ten dryforestnative plantspeciesised inthe broadcast seedirexperimentFor Dodonaea viscosa
without casing means that the seed was removed from the papery casingjtarmdising mears seeds were not

removed from the casing.

Scientific Name Common or Growth Species Total Weight
Hawaiian form code weight per grid
Name (9) 9)
Dodonaea viscos@without casing) & Aé al i Shrub DODVIS 1417 33
Dodonaea viscosg@with casing) Aoal i ¢ Shrub DODVIS 14,450 340
Chenopodium oahuense 6 Uwe ow Shrub CHEOAH 2807 66
Canavalia hawaiiensis 6uwi ki Vine CANHAW 3884 91
Sida fallax 61 1 i ma Shrub SIDFAL 210 4
Senna gaudichaudii Kolomona  Shrub SENGAU 887 20
Bidens menziesii Ko 6 ok o Shrub BIDMEN 28 0.5
Sophora chrysophylla MUmane Tree SOPCHR 510 12
Argemone glauca Pua Kala Perennial herb ARGGLA 164 3
Oseomeles anthyllidifolia a Tei Shrub OSTANT 187 4
Erythrina sandwicensis Wiliwili Tree ERYSAN 638 15
Grand 25,182 588.5
Total
weight (g)

2.2.23 SeeDispersalMethods

The 22acre burn area was divided into fottyee0.5-acre square grida order tohelp
organizebroadcast seedirand standardize seed amount by dFegure 2) The seeds listed
above were evenly distributed into Ziplock bagisebagfor each 0.Eacre grid. WDFI personnel
were instructed to walk a minimum tifreetransects throughaeh grid, tossing seeds evenly
side to side from breast height. An additional 6828 grid was created outside of the fence to
show the effects dfroadcast seeding the presence of ungulates. The same seed scattering

methodology was used for this odis grid #43 as the grids inside the fenced unit.
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Legend

| | Scatter_Grids
|__ll Total_Burn_Area2018;

ISliclis, Baddie, Sy Eaogiiis, GBS 08, UStR, USES, AxioSiRit,
b5l Sy

Figure 2. Map oftheWa i k @1 oa Dr y (WDHR)breatdcast seedirgkparimentTee red area outlines
the 8 hectares22 acre) thatburredwithin the WDFI preserve. Green lines depict thedgdD.5acre experimental
broadcast seedingots. The numbers represent the grid/plot and treatrhent-term weed managemegtid #1-
#30. Shortterm weed managemegitid #31- #42.Grid #43 is the0.25acre grid outside of the fendesignatedo
understandhe effects obroadcast seedirig the presence of ungulat@sSgurecreatecby the WDFI).

2.2.24 VegetationSurveys Within Quadrats

To assess the impact of restoration methods, | condudieglavegetation survefrom
October to December 2021 (threeyears aftethefire disturbance anto years afteshort
termweed controlvas terminated Within the 10mx 10mvegetation quadrats | measutbe
differences between the weed management treatments in the density, richness, and diversity of
all plants, both native and narative species. To quantify weed management treatments and
environmental variables on the effi@eness of seed scatterysed the square grids to place
vegetation quadrats in a restrictethdom desigthroughout thdroadcast seedirgjte. This
survey method was used to asggast communitystructure, quantify, and compare the number
of mature seed scattered individuals and the percent cover of dominant shrubs and ground cover

speciesThough they were not used for quantitative analysis, | cappiveibs of each quadrat
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(taken from the westnmost corner of the quadrat facing e&stjocument differences in overall
vegetationAppendixIl).
2.2.25 QuadratData Collection

Within each treatment, | used ArcMépsri) and theCreateRandomPoints tool to
generate one random location within ebobadcast seedingid. Forty-four points were
randomly distributedising arestrictedrandom desigthroughout thdroadcast seedingyid.
The random point generated was the designated location for a vegetation quadrat for each grid.

After finding each location in the field with a handheld GPS uBér(nin accuracy is
within 2 feet), a 10 x Ifneter quadrat was laid out facing thagnetic North and magnetic
East.On the eastern side, a point line intercept was set using a transect tape within each quadrat
to quantify the substrate across each quadrat. Thesedartguadrats were temporarily marked
with flagging tape during datollection. Thirty quadrats were surveyed in the loergn
treatmeniwithin grid #1- #30), 12 quadrats in the shetérm treatmenfwithin grid #3% grid
#42), and two quadrats outside the WDFI feiqeghin grid #43).
2.2.2.6VegetatiorData

All plants present withieachquadrat were identifietb speciegWagner, Herbst, and
Sohmer 1999)Plantabundancés a count of the number of individuals of a species within a
guadrat (stem count); this stem count was conducted for each of thecatteded species
present within the sampling quadrats. This method is-tiamsuming and therefore was only
done for seed scattered native spedigsto the large number nbn-native plants presenn
addition to native stem counfsercent cover wassématedvisually for all species present within

the 100 r quadrat. The covewas quantified wittocularestimation andepresentshe area
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within a quadrat occupied by the abey®und parts of each species when viewed from above
(Kent and Coker 1992).

In addition tothe percent cover estimati®r each species, the Bra@fanquet survey
method was used &ssessegetation cover. The BratBlanquet method is a rapid visual
assessment technique for vegetation classification. The vegetation was split into three layered
categories for simplicity in estimating individual species cowéthin each layer category, |
estimated each species' cousing the percentage of space they occupy within the quatheat.
layered categories include small treeq Beters tall; shrub layer;3 meters tall; and ground
cover species, less than 1 meter tall. Species thatredenitwo separate layered categwi
werecounted only once in the laydratthey predominantly coved All species present within
each vegetation layer were listed as a percentage range, represented asb]linvs510, 10
25, 2550, 5075, 7595, 95100 (MuellerDombois and Ellenberg 1974).
2.2.2.7EnvironmentaData

In each quadrat,measured three abiotic variabteat carhavean important influence
on plant community composition and structwsi®pe, aspect, and substrate. The slope was
measured from the center of each quadrat using a clingrhetemeasurements were recorded
(one upslope and one downslppend an average value was calculated. The aspect was
measured from the centef the quadratthe downhill direction wasneasuredo the nearest
degree with aeclination corrected magnettompasg$+9.489.

Using theline-intercept method, single10mlength of tape was laid out on the southern
side of each quadrat, and the substrate intercepting the line below each meter was tlecorded.

observed andategorized thresubstrate covelypes soil, bare rock, and leaf litter. Percent
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cover data was measured with this method by what type of substrate intercepts aaetteone
mark; a total of ten data intercept points were taken for each quadrat.

2.2.3DataAnalysis- VegetationSurveyData

2.2.31 StemCountData

The total count, mean or average stem count, and standard deviation for each seed
scattered species was determined for each weed management tréBtmaseed scattered stem
count data wredetermined to be menormally distributed via graphing as a Higtam, Interval
Test, and Box plot analys{Minitab Statistical Software Version 21.).0proceeded witla
nonparametric tesiwing to this lack ohormality because onparametric tests are more suitable
for nonrnormal data sets. | used a Kruskdallis Test to determine if thergasa significant
differencein the number of stems betwewsed management treatments (ldagn and short
term).It is important to note that the sample sizesclmnparison oéach treatment was unequal;
long-termweed management had 30 quadrsit®rttermweed maagement hai12 quadrats,
and the ungulataccess area(tsidethe WDFI fence had two quadratsFor this experiment, to
determine the dominant species, the totaMiddal count of all seed scattered native species
present was divided by the count of each single species to determine the percent dominance. This
calculation was done separately for all native species within each treatment.
2.2.32 Speciediversity

Species richness is the number of-species
diversity is the mean species diversity in a site at a local scale. The Slwversityindex H),
a diversity measure thatcorporates both species richnesd abundancesame from
information theory and measures the order (or disorder) observed within a particular system

(Gloverand Mitchell 2002)In ecological studies, this order is characterized by the number of
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individuals observed for each species. A numerical count of native seed scattered species was
conducted, and this dateasused to calculate the species richness index for seed scatéiked n
species between treatments. The Shamiversityindex H) was selected to characterize the
native species richness between treatments. This index was calculated through the equation:

H=T x[(pi)*log(pi)]

WhereH is the Shannodiversityindexr e p r e s e fiversitydevehoha plant
community, pis the proportion of individual stems divided by the total number of stems for each
species.

The Shannon Equitability Index is a way to measure the evenness of species in a given
community. The term fievennesso refers to how
the community. This value ranges from 0 to 1, where 1 indicates compégteass. The index
is calculated aEH =H / In(S).

Gamma diversity is the total species diversity in a landscapamma diversityn this
experiment isll the speciesecorded withirthe vegetation surveyuadratsTo determine the
diversity of native and nomative species between treatmeatpresence and absence data set of
each speciewas constructetbr each quadrat antbrrespondingveed management treatment
The number of presengand absensavas totaled for each species in each mesit and used in
the analysis. This presence/absence watused to calculate a second Shandimersityindex
(H) which was then used tharacterize the gamma diversity level of the plant community.
Quadrats outside the WDFI fence did not have enough replidatialiversityindex
calculations.

2.2.33 Multivariate Analysis ofPlant CommunityData
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Non-metricmultidimensional scaling (NMS) is an ordination tool that simulates and
iteratively refines ordination scores for a calcuadestancematrix andworks well with non
normal data (Peck 2016). NMS was used to assess the similarities and dissimilathges in t
vegetation percent covef management treatmenising PGORDE v.7.

| tested for significant differensdetweerong-termandshortterm weed management
communitieswith a multiresponse permutation procedure (MRPP). MRPP is a nonparametric
method for testing multivariate differences among predefined grotgesMRPP used percent
cover vegetation dathused a Sgrensen distance measure and a weighting option faeeach
in the group.

A Canonical correspondence analysis (CCA) is a multivariate ordination to arrange
speciesacrossenvironmental variables. CCA constructs linear combinations of environmental
variables, along which species distributions are maximafigrs¢ed. Eigenvalues produced by
CCA measure this separation between variables and species. CCA, a correspondence technique,
ordination axes are constrained to be linear combinations of environmental variables (Ter Braak
1987). CCA can be used to deteat@psenvironment relatiorlgpsand the response of species
to environmental variables (Ter Braak 1987). For this analysis, species vegetation percent cover
datawasusedtogether withfour environmental variableaspect, average slope, percent rock
cover, and percent leaf coyevhich were themstimated within quadrats.

2.2.34 Indicator SpeciesAnalysis

Indicator species analysis (ISA) was used to identify the taxa that were significant
indicators in the two we&kmanagement treatments. ISA multiplies the proportional abundance of
a species in a particular group (the concentration of abundance) by the proportional frequency of

presence of a species in a particular group (faithfulness or constancy of preseneks) ao
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indicator value that ranges from zero (no indication) to 100 (perfect indication), it is tested with
1000 Monte Carlo randomizations (Dufréne and Legendre 1997).

The vegetation percent cover datassubjected to the ISA based on indicator values.
identified the taxa that were correlated with a particular weed management treatment type with
theISAbased on Dufr°ne and Legendreds (1997) met
an indicator spcies,.e.,a species significantly associated with a given treatment group or
environmental conditianGroups were defined by treatment values (weed management), and the
input data hd 42 plots by 21 specie$he indicator values were calculated ande@stith PG
ORDE v.7. statistical software

2.2.4 DataAnalysis- EnvironmentalN ariables

2.2.41 VegetatiornLayers, Ground Cover, andSope

Thebroadcast seedimgstoration quadrats were split into three layered categories to
represenvegetation's height, structure, and growth form between treatments. These layered
categories include small tree53neters tall; shrub layer;3 meters tall; and ground cover
species, less than 1 meter tall. To analyze the BBdaimquetvegetation covedatg | averaged
the percent cover of each species found within each vegetation layer for each treatment. | then
evaluated the composition and structure of different layers and compared these among
treatments. | primarily focused on the groundcover angbslayer between zero to three meters
to understand differences in species composition and abundance. This analysis should
corroborate the vegetation composition estimates such that sites wittetongveed
management have higher native species diveasitypercent cover.

The percent cover of bare ground within each 18@Quadrat was estimated during the

vegetation survey. The cover of rock, soil, and leaf litter was quantified using@oiime
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intercept to determine variation in substrate acrosbribedcast seedirgxperiment. At the -1
meter mark on the north side @dich 100 rhquadrat, a transect was used to measure substrate at
each meter mark {10 m). The percent cover of each substrate was recorded for all quadrats, the
average cover was then determined by adding all the percent cover represented for eatdh substra
in the data set and dividing by the number of values in the set.

The slope is the steepness or degree of incline of a surface; slope represents the change of
elevation over a specifidistance The slope was measured within the ceaterach quadrat
using a Clinometer. Two slope measurements were taken with each quadrat, and an average was
recorded. The overall slope averages for each treatment were calculated.

The aspect identifies the orientation ardinaldirection(measured with aompasspf
the slope. The direction a slope faces can affect the physical and biotic features of the slope. The
aspect was measured from the center of each quadrat using a compass. The averages were
calculated using Excel to determine the differenceékemspect between treatments.

The slope and aspect data were determinedtdenormally distributeqHistogram,
Interval Test, and Box plot analysidinitab Statistical Software Version 21.).0used a
nonparametric test because slope asykect data distributions failed the normality sesd
nonparametric tests are more suitable for-normal data sets. | used a Kruskllis Test to
determine if thergvasa significant difference between slope and aspébtthe twoweed

managemertreatments (longerm and shofterm).
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2.3 RESULTS

2.3.1 Vegetatiorsurvey

Twenty-two plant species were detected across the sunmgedcast seedirgjtes
(Table3). Out of the 22 species, eight spe@e86%were native (endemic/indigenous species).
Twenty-one species were present within the WDFI fence,cditlde 22 species detected, only
two species were recorded in quadrats outside the faincatiGna glaucaandCenchrus
setaceup Four of the terseed scattered native species were observed in the vegetation quadrats
tacalid, Aveoweq Glima, andwiliwili . However it should be noted thafivikiwiki (Canavalia
hawaiiensi}, kolomona(Senna gaudichaudiipua kalgd Argemone glaugaand kaokodlau
(Bidensmenzesii) did not fall into any quadrats but were observed withingégreeral study area
by WDFI staff.According to WDFIPreserve ManageRobert Yagj divikiwiki wasabundant in
the first coupleof yearspostfire, buthas sincedeclined A handful ofdJ wi k iweréokserved
in years 2 and 3 post seed scaited several plan{s10 individuals)survivedto reproductive
stage and produced seelds@®mkodmlauwasalso abundarduring the first couple of yeaend
made it to ahird generation post seed scaittgr Kokolauhasn't been observed recently

however, possibly due tirought(Robert Yagj personal communication
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Table 3:List of all plantspecies observed within the broadcast seeding vegetation quadrats: asterisk symbol *
indicates aeed scattered species, scientific name, common name, growth form, species codes, and distribution

status.
Scientific Name Common or Growth form Species Distribution
Hawaiian Name Code Status
*Dodonaea viscosdacq. d6Ab6al i 6i Shrub DODVIS Indigenous
*Chenopodium oahueng®eyen) Aellen 6 U we o we o Shrub CHEOAH  Endemic
*Sida fallaxWalp. 6l 1 i ma Shrub SIDFAL Indigenous
*Erythrina sandwicensi®egener Wiliwili Tree ERYSAN Endemic
Heteropogon contortus Pili Grass HETCON Indigenous
(L.) P. Beauv. ex Roem. & Schult.
Waltheria indical. d hal oa Shrub WALIND Indigenous
Ipomoea indicgJ. Burm.) Merr. Koal i 0 a Perennial vine IPOIND Indigenous
Neprolehpsis exalatél.) Schott 0 &ipkupu fern  Fern NEPEXA  Endemic
CenchrussetaceougForssk) Morrone Fountain grass  Grass CENSET  Introduced
Tridax Procumbenk. Coat buttons Herbaceous TRIPRO Introduced
Pluchea carolinensiglacq.) G. Don Sourbush Shrub PLUCAR Introduced
Chamaesyce hirta. Millsp. Red euphorbia  Herbaceous CHAHIR Introduced
Cenchrus ciliarid_. Buffel grass Grass CENCIL Introduced
Indigofera suffruticosamill. dni kg Shrub INDSUF Introduced
Melinis repengWilld.) Zizka RedTop grass Grass MELREP  Introduced
Vulpia bromoidegL.) S. F. Gray Squirrehtail Grass VULBRO Introduced
fescue
Conzya bonariensi6L.) Cronquist) Flax-leaf Herbaceous CONBON Introduced
fleabane
Nicotiana glauceR. C. Graham Tree tobacco Shrub/Tree NICGLA Introduced
Senecio madagascarien$isir. Fireweed Herbaceous SENMAD Introduced
Momordica charantid.. Bitter melon Herbaceous vine MOMCHA Introduced
Chamaecrista nictitané_.) Moench Partridge pea Herbaceous CHANIC Introduced
Portulaca Pilosal. Portulaca Succulent PORPIL Introduced
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2.3.1.1PhotoPoint Data

Photographgakenof the longtermandshortterm weed managemearteasand outside
the ungulateproof fenceshowthe composition of vegetation coygiigure 3) For longterm
weed management, WDHtid #9 showeda high native cover, low fountain grass cover, and
high bare ground percent cov@figure 3). Analysis revealed th&1% of the 100 mquadratwas
covered in native speciemnd155dlima seedlings/stems were detectedr shortterm weed
managemenWDFI grid #32 showssome nativelantgermination. However, fountain grasas
alsobecome establishesince weed control efforts ceaseeducingbare open ground. Eh
guadratsurvey in this grichad 70% fountain grass cover, amdy sevendlima seedlings/stems
were detected-orthe impacts of nomative ungulates obroadcast seeding WDFI grid #43
(Figure 3), ungulate grazing kept fountain grass from growjmgmotechigh bare ground
coverage, antkd tothese arealseingdominated by nomativetree tobacco. Theroadcast
seedingreatmenin this gridoutside of the WDFI fence in the presenceiefulates did not

have any nativplantspecies recruitment.

¥ == T -
; «—” o

A &, ] cE ; Hh :
Figure 3: Example mages obroadcast seedirtgeatmentshreeyears after fireA. Long-term weed management

treatmengrid #9 with 21% of theL00 nf quadratovered in native species, 165 | i ma see dB.Shatgs det ec
termweed managemegit i d #32 with over 70% fountain @QMAdlhess cover
broadcast seedirtgeatmengrid #44 surveyed outside of the WDFI fence in thespnce of ungulates did not have

any native species recruitment. Ungulates have browsed all plgrawgh, high bare ground cover with only two

species observed fountagnassand tree tobacco. S&@ure 2abovewhich depicts the location of grids. High

resolution images are providedAppendixI|.
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2.3.1.2BroadcastSeedingpecies

Theabundance dur nativeseed scatterespecies that wengresent in the quadrat
surveysd) w e o w éald, , @ dand wilimik, washighly variableacross the management
treatments (Tabld). Stem count data dfiespeciesiive o we o  ( p <®liG (pB0)05)and & a
weresignificantly different between the two treatmegisuskal Wallis Test) Ilida (p = 0.46)
stem counts were not significantly different between treatments.

The quadrat mean stem counidfw e o waes é greater (1483%ncreasgin thelong-
term weed management treatmeompared to shoterm The quadrat mean stem count of
dedliG was 4 greater (989%ncreasgin longterm weed management treatmeoitnpared to
shortterm The quadrat mean stem countitifna was & greater (1077%ncreasgin longterm
weed management treatment, but this difference was not statistically signifiagag to the

high variation in abundance across the quadrats.

Table 4: Total stem count, mean, and standard deviation (S.D.) of each seed scattered native species present in long
term(n=30)and shorterm weed management treatment quadratd2) KruskalWallis Test indicated statistically
different means between managentezdtments (P<0.05) are shown by different letters

Species Long-term treatment Short-term treatment

Scientific Name Hawaiian Total stems Mean £ S.D. Total Mean + S.D.
Name (n) stems (n)

Chenopodium oahuense 6 U we o w¢ 459 15.3+19.8 29 2.4+6.0

Dodonaea viscosa Aoali 6|29 98+7.8 27 2327

Erythrina sandwicensis Wiliwili 1 1+0.2 0 0

Sida fallax dlima 353 11.7 +36.7 18 15+£258

2.3.1.3BroadcastSeedingSpeciesuccess
Theabundance dfroadcast seed speciesvasdetermined by the stem coaritlata
found in Tabled). The longterm weed management and broadcast se¢diagment contained
the highest diversity of native seedingg t h f our native seed scatter

dJ we o w éalid, andwaiwili. Kolomona andidvikiwiki were observed in the area but did not
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fall into any surveyed quadrg®irveyed quadrat®taled an area df.08 acres 05% of the total

22-acresite). The shorterm weed management treatment contained three native seed scattered
speci esdJweldwd adai.and & a

diweoweo was abundant acr oners. Ibthbetlomgernme ed man a
weed management treatment, the most dominant seed scattered spediésweas w e o ,

comprising 41% of all native seed scattered plants represgiitggale 4) I n addi ti on, a
repr es e n taé@6%3dahdayiliwili.@0% of the native seed scattered species in-long

term management quadrats. In the stemn management treatmed,we o we o was t he
dominant species comprising 39% of native seed scattered plants represented. In addition, |

r e c o rcéi@rdpre@eatin@6%, andilima representing 24%eed scattered species were

able to establish in pUhoefeoreweadmanagersentand s oi |

guadrats had native species clustered togetreranea where soil and spasereavailable
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Figure 4. Abundance of broadcast spexim the longterm weed managemetnéatmentthe most dominant seed
scattered species was oO0Uweoweo
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A secondrygeneration ol we o we o  avastecoiidedvithimthe restoration area
which isreflected in tiesedata.Secondry generatioris defined ascatteredseedghatgrew to
matuse sexually reproduag adultsandrecruiteda second generation of seeds than
successfullygerminated@i we o we o aweck ob&arvied tarbe flowering and seediriidp
largeshrubsizedindividuals surrounded by seedlin@sinches tall) For example guadrat#8
had 136dlima recordecard quadra#9 hadl55dlima recorded, mag of whichwere young
seedlingsThebroadcast seedirtigeatment quadrats surveyed outside of the WDFI fence in the
presence of ungulates did not have any native species recruitment. Only twaterplant
species were recorded in these quadfatsitain grass@Genchrus setacepandtreetobacco
(Nicotiana glauca.
2.3.1.4Vegetation_ayer ofSeedScatteredNative Species

Seed scattered speciecorded within théroadcast seedirgxkperimentverewithin the
small tree, shrub, and groundcover layer categories (Fiju@@ we owe o was domi nant
shrub in the longerm weed management treatment quadrats. However, it was also the only seed
scattered species to reach the small tree [@yBmetel) (one quadrat represented as a tree layer,
21 quadrats represented as a shrub layer, and two as a ground@owee).0 w e cecovdadss
a shrub(1-3 metel) in the shorterm weed management (two quadrats represented as a shrub,
two as a ground coverjlima wasobservedn the shrub layer in both loAgrm and shofterm
weed management quadrats. Only one quadrat f o
s p e c i@iGwasofisArveds a shrub in the loAgrm weed management treatment quadrats
(18 quadrats represented as a shrub, 11 as a ground cover) and as a groyrd ocwier)in
the shoriterm weed management (two quadrats representedhasta Bve as a ground cover).

Wiliwili was only detected in quadratl within the ground coveayerin the longterm weed
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management treatmeiuadrat #Mwas characterized lyp U h o eumwi &aised circular
mound with axial crackgjhat tookup most of the quadrat (Appendiy.IThewiliwili was about

12 inchegdall with no leaves observed (deciduous speaes)ving in a soil pockedt the base of

the tumuli
12
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= ERYSAN CHEOAH DODVIS SIDFAL

Figure 5. Theaverageercent cover ofachbroadcast seeding specigihin each vegetation layer category
Ground (<1 meter), Shrub-@meters), Small Tree {8 meters) for the lonterm and shorsterm weed management
treatmentAbbreviationsLong-term long-term weed managemetnéatment Shortterm- shortterm weed
managemertreatmentDODVIS- Dodonaea iscosa CHEOAH Chenopodium oahuens8IDFAL- Sida fallax

ERY SAN- Erythrina sandwicensis

2.3.1.5SpeciesRichness

Total gecies richnesgative and nomative speciesyas higher under lontermweed
managemen The longterm treatment had Zpecies, while tshortterm had 12 speciexross
all quadratsWithin quadratshie longterm treatment hadraeanof 8 species, while the shert
term treatment hadraean of6 speciesTable5). The Shannowliversityindex forbroadcast
seeded speciés thelong-term quadrats asH= 1.08,Evenness 0.78 andor the shor-term
guadrats it wasl= 1.07, Evenness= 0.98. The two treatments did not differ greatly in this index
score Table5). To determine the diversity ¢iie entire communitytotal speciesall

broadcasted natives, native, and 1maive species recordel@tween treatments, a Shannon
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diversityindex was calculated using a preseabsence data set. For letegmweed
mana@ment, the index result wak= 2.54, EH= 0.84 and for sheteérm weed management
guadratst wasH= 1.84, EH=0.94The bngterm weed management treatment had a lafiger

value indicating a higher species richness in that assemtflaggives and nenatives

Table 5: Speciegichness is the number of species found within each treatment, Average Species Richness is the
average number of species per quadrat, the Shafivensity index -0, and evenness index for the two treatments.

Broadcast seedingreatment Broadcast seeding Total
species species

Long-term (n=30 quadrats)

Total Species Richness 4 20

Avg Species Richness 2.9 8

H6 H=1.08 H=2.54

Evenness 0.78 0.84

Short-term (n=12 quadrats)

Total Species Richness 3 12

Avg Species Richness 15 6

Ho6 H=1.07 H=1.84

Evenness 0.98 0.94

2.3.1.6PercentCoverof Native and Non-native Species betweehreatments

Longterm weed management had a higher percent cover of native species, both seed
scattered and species thought to have germinated frosoilleeed bankecause they were not
scatterede.g.,d haloaand pili grass)Shortterm weed management had nathpecies present,
butwith alower percent cover. Pili gras&gs only recorded in theng-term weednanagement
treatmen{mean percent cover 4% haloahad greater representation as a shrub within the long
term weed management treatmémiean percent coveshrub layer:11%, groundcover layer:
12%), howeverin the shortterm weed managemerit fialoahad a greater representation as a
groundcovefmean percent cover, shrub lay&¥ groundcover layer7%).

Regarding nomative speciesplntain grass haalhigher percent cover within short
term weed managemepipts relative to longerm managemeiiFigure6). Partridgepea

(Chamaecrista nictitanpshad a higkr percent cover within the loagrm weed management
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treatmenthanit did in the shorterm weed management treatmdiritis species was so

abundant that it was determined to be an indicator species within this treatment (see the above
section 6i ndi c aFireweed$gnecio malagasaanengisgsonlyspiegent in

the longterm weed management treatment (fFep0). Tree tobaccoNicotiana glaucawas

only observed in the quadrats outside the WDFI fence and represented be8veercént of

the totalpercent cover of thquadrat.
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Figure 6: Theaveraggercent cover ofiative and nomativespecies withireach vegetation layer category
(Ground, Shrub, Small Treepdweedmanagement treatmefibng-term and shosterm). Abbreviations:DODVIS-
Dodonaea viscostCHEOAH Chenopodium oahuens8IDFAL- Sida fallax ERY SAN- Erythrina sandwicensjs
HETCON- Heteropogon contortysNVALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA:
Neprolehpsis exalatdCENSET- Cenchrus setaceou$RIPRG Tridax ProcumbensPLUCAR- Pluchea
carolinensis CHAHIR- Chamaesychirta, CENCIL- Cenchrus ciliaris INDSUF Indigofera suffruticosa
MELREP- Melinis repensVULBRO- Vulpia bromoidesCONBON Conzya bonariensj?NICGLA- Nicotiana
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glauca SENMAD- Senecio madagascarienslOMCHA- Momordica charantia CHANIC- Chamaecrista
nictitans PORPIL: Portulaca Pilosa NICGLA- Nicotiana glauca

2.3.2 MultivariateAnalysis ofPlant CommunityData

2.3.2.1NonmetricMultidimensionalScaling and MultiresponsePermutationProcedure (MRPP)
Ordination scores for each westhnagement quadrat and the 22 native andnatine
species detected are displayed in an ordination space represented by the two axes of
interpretation used by NM@&igure 7) In this analysis53 iterationsand50 random initial
configurationsvereused. The final stress was 12.3899. Therenisaacomplete separation
between the two treatments aloAgis 1 6Adlid anddiveoweoplot together and tend to occur
together in quadrats. Wiliwili is right on the ngar of longterm plot distributionNon-native
grasses were abundantthe shorterm weed management treatmemtdthis isdepicted bythe
shortterm plotgrass speciedistribution.Non-nativefountain grass@Genchrus setaceousas
moreabundant in the shetermtreatmen{44% mean covens longterm treatment3% mean
cover) Non-native buffel grassGenchrus ciliari3 was more abundant in the shtatm (7%
mean cover) vs lonrterm treatmentl® mean cover)Vegetation cover and speciesmposition
betweerthe weed managemetneatment groups was significantly differént= 21, chance

corrected withirgroup agreement A= 0.24, p<0.05, MRPP
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Figure 7: Nonmetric multidimensional scaling (NMS) ordinationdgfquadrats within the WDFI experimental
area.For this analysishie final stress was 12.38®lue squares show lortgrm weed management and pink
squares shotterm weed management, plant species are represented bigtdesikode and green horizontal marks.
Native seed scatter species are depidtedblack text, all other species have grey text. Abbreviations: DODVIS
Dodonaea viscos&CHEOAH Chenopodium oahuens8IDFAL- Sida fallax ERYSAN- Erythrina sandwicensjs
HETCON- Heteropogon contortysVALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA-
Neprolehpsis exalataCENSET Cenchrus setaceou$RIPRG Tridax ProcumbensPLUCAR- Pluchea
carolinensis CHAHIR- Chamaesyce hirtaCENCIL- Cenchrus ciliaris INDSUF Indigofera suffruticosa
MELREP- Melinis repensVULBRO- Vulpia bromoidesCONBON Conzya bonariensjNICGLA- Nicotiana
glauca SENMAD- Senecio madagascarienslOMCHA- Momordica charantiaCHANIC- Chamaecrista
nictitans PORPIL- Portulaca Pilosa

2.3.2.2Indicator SpeciesAnalysis
Indicator species analysis was used to identify the taxa that were significant ind€ators
the two weed management treatmefitee number of randomization runs was 4999ajue
0.0060. Four species (19%) had frequency and abundance patterns stromigyembaath the
defined weed management treatments and were significant indicator species at three significance
levels geeTable6). The number of indicator species was highest within the-terg weed

management treatment speciesl included the nativ@wkeoweo Chenopodium oahuensand
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detalii (Dodonaea viscogaandthe nonnativepartridge peahamaecrista nictitar)s Short
term weed management had one indicator species, fountain Geash(us setaceous he
long-termtreatmenincludestwo nativebroadcast seed specieswhereas the shetérm

treatments strongly characterized lasingleinvasiveplantspecies.

Table 6: Indicator species identified within theoadcast seedirgjte weed management treatments.

Treatment Indicator Species Observed Mean + D P- Value
Indicator Value
Longterm  Chenopodium oahuense 69.7 42.2+7.3 p<0.05
Dodonaea viscosa 75.3 51.4+5.7 p<0.05
Chamaecrista nictitans 88.5 53.5£5.6 p<0.05
Shortterm  Cenchrus setaceous 93.5 60.5+ 7.8 p<0.05

2.3.3EnvironmentaV ariables andanonicalCorrespondenc@nalysis

2.3.3.1PercentCover ofBare Ground,Rock, Soil, and LeafLitter

Within the longterm weed management treatment, the average bare ground cover was
67% (SD= 13.6. In the shorterm weed management treatment, the average bare ground cover
was 486 (SD=18.7). Two quadrats were surveyed outside of the WDFI fence iprésence of
ungulates; the average percent cover of bare ground was 94%, with a standard deviation of 2.6.
The average percent cover from the point line intercept infemy weed control quadrats was
42% rock, 20% soil, and 42% leaf litteseeFigure 8) The average percent cover in skierm
weed control quadrats was 53% rock, 17% soil, and [2@3ditter. Taken together, these results
suggest thatingterm weed contrgbromoteshigher soil and leaf litter, and shaerm weed

controlpromotes lowesoil and leaf litteandhigher rock cover
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Figure 8: The averagsubstratgercent cover from the point line intercept in ledlegm weed control quadrats was
42% rock, 20% soil, and 42% leaf litter. The average percent cover iatsirartveeccontrol quadrats was 53%
rock, 17% soil, and 29% leaf litter. Lostgrm weed control promotes higher soil and leaf litter, and-$biort weed

control had higher rock cover.

2.3.3.2Percentdope andAspect ofSope

The average percent slope for theg-term weed management quadrats was TOPae
average percent slope for the skheritn weed management quadrats was4 XKruskal
Wallis Test was conducted to determine if theesa significan difference between the slope

and weed managementdtment. The average slope was significantly different between

treatments P= 0.006.

The aspect values indicate a compass direction that the surface faces at each location.
Compass direction and aspect values are as follows: N-@38egrees), NE (2367 degrees),
E (68- 112 degrees), SE (112357 degrees), S (15802 degrees), S\203- 247 degrees), W
(248- 292 degreespndNW (293- 337 degrees). The average aspect for-teng weed
management quadrats was SW (239), S (171) for-skiont weed management quadrats, and W
(250) forbroadcast seedirtgeatment quadrats outsidetbé WDFI fence. A KruskaWallis

Test was used on aspect values to determine if there was a significant diffeseneenveed
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management treatments. The aspect was not significantly different between treé@ments
0.492.
2.33.3 CanonicalCorrespondencénalysis

Environmental variables did not strongly influence species composition and cover
analyzedoy canonical correspondence analysis. The first axis of the ordination (eigenvalue =
0.224) was correlated to the slope and aspect var@bézall, the total correlation waseak

(Figure9) with the second ordination axis (eigenvalue = 0.058) and the third axis (eigenvalue =

0.041).
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Figure 9: Canonical correspondence analy§i€@) analysisof vegetation quadrat data and environmental
variables Seed scattered speca®depicted by black text, all other species have grey Adtireviations Slope
average slope, Rocky Substrgteint line intercept cover data, Leaf littdine intercepicover data, DODVIS
Dodonaea viscos8CHEOAH Chenopodium oahuens8IDFAL- Sida fallax ERY SAN- Erythrina sandwicensjs
HETCON- Heteropogon contortysNVALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA:
Neprolehpsis exalat&CENSET- CenchrussetaceousTRIPRG Tridax ProcumbensPLUCAR- Pluchea
carolinensis CHAHIR- Chamaesyce hirtaCENCIL- Cenchrus ciliaris INDSUF Indigofera suffruticosa
MELREP- Melinis repensVULBRO- Vulpia bromoidesCONBON Conzya bonariensjiSENMAD- Senecio
madagasariensis MOMCHA- Momordica charantiaCHANIC- Chamaecrista nictitans®ORPIL- Portulaca
Pilosa
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2.4 DISCUSSION

2.4.1BroadcasteedingSpecies

The vegetation survey results indicate differences in the abundance and distribution of
seed scattered species between the two weed management tredtheeluisgterm weed
management treatment contained the higtiessity andliversity of nativeplants Long-term
weed managemelfreatmenguadratdhadfour of the ten seed scattered spedia®&lid,
diveoweq dGlima, andwiliwili compared to only three in the shtetmtreatmentFurthermore,
the stem count divo native seed scattered species gigsificantly higher in the longerm
weed management treatmespecifically,stem courg of 8veoweo (5.3 vs. 2.4p<0.05) and
a @lid (9.8vs.2.3 p<0.05).Taken together, results suggest that iergn weed management is
a successfudtrategy towards reaching restoration goals in Hawaiian lowland dry forests.
2411dweoweo and dadal i di

Native seed broadcasting followed by lelegm weed management and seed scatter
facilitated the establishment and growth of native plants includirendemic and indigenous
fastgrowings hr ub, & Uwe orespaztivelynTdhis is reofisarprisini,ibecause g
targeted herbicide application for weeds is importantdgersing the establishment and growth
of fastgrowing nonnative species like fountain grass. Invasive plaatecompete directlyvith
native plantdor resourcescluding sunlight, nutrients, and spg&tork and Turton 2009)
Fountain grassdenchrus setaceoysvhich was a primary indicator species for the shenmn
weed control area, was associated vigiuer stem countsf native spe@s and this could be due
to its strong competitive ability.

The primary mechanism by whi¢buntain grassnay limit native seedlig establishment

is byloweringtheavailability of soil moisture(Thaxton et al. 201021n this study,n the absence
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of fountaingrass competitiofi.e., the longterm area)nativeplants siowed an increase in
germination and establishmehtn parti cul ar , Hadosmhificadty higherd 6 Owe «
number of stems in the lorigrm weed management area vtk times as many stems for
dUwe owdonr;t iatmeds as many stems f or-tedmavéed!| i &i as ¢
management ar ea. Mo r e o \t ogether @naha MSi meaningatheytend Uw e o
to occur together in the lolgrm weed management quadrats. The higher native seedling
abundance observed in the lalegm weed management treatment may be due to a larger
number ofsuitablemicrosites resulting frm reduced grass abundance dubddicide
application (sedable 4 for stem count dat&rooks, Cordell, and Perry (200@und similarly
that herbicide application to eliminate invasive grasses increased the number and diversity of
native plants after broadcast seeding trial likely due to an increase in favorable microsites.
| observeddngterm shifts inthe structure ofhe plantcommunity. The structure of
vegetation layers differed between weed management strategies. Native plants gréeng in
shrub layer had a higher percent cover in theemg weed management treatment, and natives
in the shorstature ground cover layer were higher in the stesrh weed managemefsee
Figure5). This was likely due to highgrlant growth in the longerm weed control area. For
example @veoweo was dominant as a shrub in the {rgn weed managemeateaand was
theonly seed scattered species to reach the small tree(bstareer3-5 meters ta)l but
& U w e avaseonly found in the ground cover layer in the shemn weed management area.
Therefore, control of weeds lofigrm allowed for small individual® grow into the shrub
categoryD 6 Ant o n ([1998)stutied&d response of native speciesherenoval of
invasive grasses in a seasonally dry Hawaiian woodl@rassesvere remove@ndweed

control continuedor three yearsTheyfound thatwo fast growing shrub specidgsfalid and
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@ Iei, increased in siziasterin grasssemoval areasompared t@ontrols.In this studyJikely
due toincreasedompetitionwith invasive grasses the shorterm weed management area,
native plang maytake longer to grow and establi@ee percent cover of species-igure6),
slowing down restoration progress.
2.4.1.2Wiliwili

Wiliwili is a species ofdroughtdeciduous flowering tree in the pea family Fabaceae and
is the only species d@rythrinathat occursaturallyin Hawaid (Wagneret al. 1999. Wiliwili is
threatened by competition from nomtive plantsthe nonrnative and invasivgall wasp
Quadrastichus erythringewildfire, and nomnative ungulate@ell et al. 2013Cuddihy and
Stone 1990 Wiliwili occurs on all ofthe major Hawaiian Islands from sea level to 600 m above
sea level(Vagner et al. 1999In thelowland dryforest, species like the wiliwikire an indicator
of the health and integrity of the dry forest ecosystBrh e r u g g e thoefioa @rdscapa d p
at the WDFIPreservas home taabout 80wiliwili trees; thisculturally important species is
propagated and planted by staff and volunteers across the prédesvef the wiliwili within
the preserve are found on tie dldVa flow with better soil developmemk singlewiliwili was
recorded ingrid #1(quadrat #) in the longterm weed management treatmésge Figurel0).
This individualgerminatel in a pocketof soil and organic mattesn thepChoehoe lava flovand
likely survived because it®ots found pockets of moisture total of 12 aher wiliwili were
observed in théroadcast seedingstoration areay WDFI staff(Hauff et al. 2019 however
they did not fall intahevegetation quadrat$houghl did not find a significant difference in
abundancef wiliwili between the short and loisgrm management areas, it is possible that
longerterm monitoring or more intensive quadrat sampling wohtwhsthat wiliwili

germination, establishment, and survival is higher in{@mg weed control areas.
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Figure 10: A. Seed scattered wiliwili€rythrina samiwicensi3 observed in the lonrterm weed management
treatmengrid #1. This wiliwili was recorded in the ground cover layer within a rocky soil substkélieili is a
droughtdeciduous species that sheds its leaves annBalBhotoof seed scattered wiliwilly Robert Yagi

2.4.1.3dlima

dlima is ashrubbyflowering plant species of the Hibiscus family, Malvaceae. This shrub

is indigenous to the Hawaiian Archipelago and other Pacific IslaMBé:1 staff believe that this
specieseached reproductive maturity since the seeds were scatit@il8,and theras a
secondandpossiblythird generation oplantsin theseedscattered are&taff observedliffering
size classess well agarge mature shrutsirrounded byery young seedlings$n this study
hundreds of seedlingsf & i | i main langterm weednianadgement quadraBsand#9.
Thesetwo quadrats had high percent coveragef leaf litter and soilelative to other quadrats
which may have contributed the high abundancd@he longterm weed management treatment
may have increasdtie abundance of thispecieshowever the differencevas not statistically
significant between weed management treatments (P= 0.461).
diwi ki wi ki, kol ombkodday pua kal a, and ko

@ wi ki @Gandvalia hawaiiens)s kolomona $ennagaudichaudi), pua kala

(Argemone glaugaand kdokofolau Bidensmenzesii) were not found imny quadratdbutthey
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were observed within the study site by WDFI s{afeFigure 11). Kotokotolau, which is a
shortlived perenniawasfoundthroughouthe area andtaff observedhreegeneratios post
seed scattering. This species was not obsdryyeslaffduring times of droughgndit wasalso

not represented during the vegetation suffeeyhis studyin 2021.60 wi k i was aksé noted
by WDFI (Robert Yagi personal communicatigrio be abundant in the first couple of years
postfire/seed scatteand has sincdeclined From the initial seed scatter, méSvikiwiki
germinatedwithin the first year and a few individualseve established in years two and three.
Several (<10§0vikiwiki producedseed within the restoration site. There is potential for more
germination of this species in the winter months when rainfall is more abuaddrfollowup

surveys during these wet periods would likely detect this species in the future

Figure 11: A. & w e o W&henopodium oahuensanddivikiwiki (Canavalia hawaiiensjsobserved within the
study site by WDFI stafB. K 0 @ o k qBidersmenzies)iwasobserved within the study site by WDFI staff
Phota by Elliott Parsonsn 2019

2414M0Umane and dil ei
A total of two s p wadbmadcastnimieobserved dudng hd | e i

vegetation survey or by WDFI staff throughout breadcast seedigx per i ment . &l |
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sprawling indigenous shrub within the Rosaceae family that grows within a wide variety of
ecosystemg§Wagneret al. 1999 . MUOmane is an endemic tree in t
in dry to mesic forests of Hawdlsland (Wagneet al. 1999. Untreated seedsaiUmane and
ai | ei have | o\J{Obaaeloan)Natie planognowersausually scaridy soakthe
seedsn waterto break dormangyandnone of the seeds this studywere scarified or pretreated
before broadcasting

Seed scarification is an effective methodif@ucinggermination in physically dormant
seeds (Baskin and Baskin 1998). Scowcft®81) compared the effectivenesstbfee
scarification treatments (mechanical, sulfuric acid, and hot water), and observed that both
mechani cal and aci d s gemination lty &30 to@00% compareétas ed m
the untreated control. Mechanical scarification with a metal blade has resulted in higher
germination of mUmane (Kildisheva, Davis, and
characteristic caused by an impervioasdcoat that prevents seed imbibition (water uptake), a
process necessary to initiate germination (Baskin and Baskin 1998). This seed dormancy of
mUmane is physical and is restricted by the i
and Hamzeh2®.) . Obata (1967) reported that untreat ¢
rates of less than 5%. Therefore, thisispotentialr eason why no mUmane see
Scarifying the mUmane seeds before <reasadt eri ng
the chances of seed germination. Given the challesfggsrmination with this species in the
broadcast seedilsogcardidatedor qutplamthmef nuesery raisedseedlings at
low elevation dry forest sites like the WDFI Preserve.

@ lei seeds were removed from the pulp/fruit when they were broadcast. The dormancy

of the seed may have i nhi bi(19%%foundthatudtrbated i s eed
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seeds of @l ei had germinati on opmthessedst hat r an
should be removed from the fruit. Bornhorst (
1 or 2 days will enhance germination. Perhaps
germination of this species in future broadcast seddalg. Given the challenges with
germinationfot hi s species i n the d&dsoanaherccandidateoeedi ng t
outplanting of nursery raised seedlings at low elevation dry forest sites like the RvEi€lrve
2.4.1.5Limiting Factors

Some seed scattered species were detected in WDFI monitoring, butmasunvey.
This is likely due to a number of factors includiogver relative abundance of thdsdid detect,
species life historyraits,and seasonality of rainfall uure studies could monitor quadrats
during multipleyears andacross wet and digeasonsT his survey measurkthe response of
perennial species that were present three yearsapldére and broadcast seeding. Scattered
seeds in this experiment may leaveerharmed or killedby norrnative rodents thagatnative
fruits and seeds in Hawaiian dry forests (Brooks, Cordell, and Perry 2009; Chimera 2004;
Chimera and Drake 2011). As well, another study in the tropical dry forest found that after seed
di spersal, certain seed sredpredakon bytsiais (Broaks,ge & Uwi
Cordell, and Perry 2009; Chimera 2004). Whether rodents, snails, or other introduced seed
predators such as beetles or weevils affected seed survival and germination at WDFI is unknown,
however, future work could quantifiie impacts of these species on the population growth of
native plants, potentially providing more information about how to improve restoration efficacy.

Other potential barriers to seed germination and recruitment include the presence of

non-native plants, which may take up the spand resourcethat native seeds could use to

germinate and establish. For example, fountain grass and buffelgrass occupy a large area in the
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WDFI preserve (fountain grass mean percent cover of 44% intemortreatment, 3% in long
term treatment; buffelgrass mean percent cover of 7%-shonttreatment, 1% lontgrm), and
other studies have found limited ability of native seeds to germinate and establish in areas with
these invasive grasses (Cabin et al. 200®yeover, nomative and invasive grasses can
establish more quickly and grow faster than stgnewing nativesthusaffecting the conditions
thatnativeplants need to germinate agbw (Cabin et al. 2002; Cordell and Sandquist 2008;
D6ANnt onige8). et al . 1

Finally, the seasonality of rain in the region during this experiment could have limited the
germination of these species. Many plants in
within a 12month period. In wetter years, a higheuatlance and diversity of plants germinate,
and a larger number of plants survive the dry season, which is typicalgni@rApril (Jen
Lawson, personal communication). Another factor that limits germination and establishment of
plants is theap&hoehioehshéds | imitedlTHsoi | devel
likely prevented some scattered seeds from reaching soil and thus, a suitable microenvironment
for germination. The average percent cover from the point line intercepts collected in the long
term weed control quadrats was 20% soil, and 17% soil in-sfrontweed management. Most
seed scattered species established their root
pockets.

2.4.2NaturalRecruitment ok o a | i, piliflaadé &aloa

Native plant speciegfh al o a, kaodgili grasfwene not seed scattered yet filled
in open spaces powtildfire and broadcdaseeding experimenkKo a | i dawa was only
thelongt er m weed manage me (ipopmogairaidaisanindigghaus | i G awa
sprawlingvine in the morning glory family. This vine growslow elevations and is common in

dry disturbed areaim Hawaii (Wagner et al. 1999Pili was only observed immhgterm weed
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management quadsandoccurredtogether withiillima in the NMSordination Figure 7). Pili is
an indigenous grass fouatbngdry ridges, ledges, and slop&8i populations in Hawdi have
been displaced byompetitivenon-nativegrasses and shrubpsii Nat i ve ®4Vewings Hawali
Plant:Heteropogortontortu® .)Some pili populations appear to kectining,especially on
Odahu and Moloka (Wagner et al. 1999}t is unclear where the exact source populations for
koal i dawa and pili grass are, though they do
possible that these two spexsruggle to compete wittountain grasand therefore do better
with long-term weed management.

d haloa is a mediursized woody shrub that grows at low elevations from sea level to
4,000 feetm dry disturbed site@Vagneret al. 1999. Roots ofthed haloa,areused in Hawaiian
culture as a treatment for inflammatory conditions, modern researatot compoundsupports
the traditional uses dhis specieqLiu et al. 2023)a haloais a prolific seed producer and has
high recovery potential, thougihysical dormancy of the seeds has been documented (Lukas,
DeFrank, and Baldos 2016; Fahs 20f#haloa had the highest percent cofraean 12% long
term treatment, 7% shetérm treatmet) of all native specieacross botthong and shorterm
weed management treatmerftae secondhighest percent cover wédveoweo (mean 3% loRg
term treatment, 1% sheterm treatment)d haloawas notbroadcast anthereforemust have
been present ithe seed bané&r was dispersed into the area by wind or animal dispersers from
nearby population€i haloahad ahigherpercent coverage in the lotgrm weed management
quadrats| found thatdi haloawas clustered with lonterm weed management in both the CCA
and NMS analyses, indicating that letggm weed control was associated withsiisces. This

suggests that removing normtive plants londerm (e.g., fountain grass), greatly increased the
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abu n d a n thaloapahd this could be a successful approach to establish this species in the
future

2.4.3 WeedManagement

Thebroadcast seedimgstoration site wasnmanagedy the WDFI before the fire due to
difficulties accessing the remote area, challenges of planting irloelpoe substrate, and the
lack of native plants in the area. Fountain grass, afispted invasive speciesginally
introduced to North Kona as ornamental in the early 1900ss becoma dominantspeciesn
Waikdoa over the past century. Fountain grass does not die in fire, and if left untreated post
wildfire, the gras€anquickly grow back to prefire size and biomass within a number of months
(Smith and Tunison 1992Fontrolling thenewregrowth of fountain grass with herbicigest
fire killed the grass andllowed the native seeds that were broadcagétminateand establish
before the invasive ge®sreinvaded the area. Greater than 980the vegetation cover present
in the study area before the fire consisted ofnativeplants three years postre and seed
scatterthe vegetation cover now consists of native vegetation.

Weed management experime(ésy.,invasive specieszmoval)are valuable tools to
addresgjuestions related to theter-specific interactions afative anchorntnative speciesas
well as to providenformation for adaptive managemeiiiheoverallresultsof the threeyear
posttreatment vegetation survey suggest that the combination of seed broadcasting-and long
term weed managemeintreass native seed germination, surviyand growthand promotse
highernative plantspecies diversity in lowland Hawai tropical dry forests. The higher density
of native plants and greater species richnesisdtong-term weed managemeateacontrasts
with lower plant densities and fewer speciethimshortterm weed managemeateas Taken

together, these resultsvealthe importance of removing narative plansspecies over the long
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term in order tgoromotethe recovery of degradddawaiiandry forests These resultalsoadd to
a growingbody of evidence that identifies nortive grass invasions as one of pinenary
threats tanativedry forest diversity structureand function (Brooks, Cordell, and Perry 2009;
Chimera 2004).

The dominant nomative grass at the WDRFreservdfountain grasg has been found to
limit the recruitment and subsequent growth of native seedlings via competition for space, light,
and water Cabin et al. 2000 After two years without weed contrdguntain grass had an
average cover of 44% in the shtetm treatment compared to average cover of 3% in long
term treatment. Fountain grass is also associated with native plant mortality and declines in
native plant biodiversity (Questad, Thaxton, and Cordell 2IN&jve seedling survival and
growth rates depend on soilmoistuege ci al 'y in the dry | eeward r e
water is limiting(Thaxton et al. 2012)0ne of the primary mechanisrbg which nonmnative
grasses limit native seedling survival isdBcreasingoil moisture (Thaxton et al. 2012).
Fountain grass hasdense and shallow root system that effectively exploits shallow water
resources in forests and grasslands (Cordell and Sandquist 20@8&pé&tieseduces the
acquisition of water by nativelantspecieshroughcompetition in the upper soil profiland
throughthe uptake of water that could percolate deeper (Cordell and Sandquist 2008). This
strong competitive ability decreases the availabilityvafer and igespeially detrimental in the
early stages of native plant developmédot examplevhensesdlings are activelgeveloping
root systemshatare in direct contact with mature fountain gressts (Cordell and Sandquist
2008). Other studies hateund that inthe absence afon-nativegrasses, native species showed
increased productivity, resow@cquisition, and increased photosynthesis (Thaxton et al..2012)

2.4.3.1LongtermWeedManagement
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The longterm weed managemearteahad a higheplantspecies diversity, with 20 total
species recorde@nd this was due to tlentinued removal of targeted roative speciewhich
allowed for greater species richness and density of seed scattered plants. feemtonged
managemerdreacontained native seed scattered spdaesdingwiliwili, & w eve o galidd a
and dand themativepi | Tihgloa,@ndko a | i dawa naturallyywsrecruit
well. One nomative species, theartridge peaChamaecrista nictitanshad a high average
percent cover of 10% within quadrat®mpared to shoterm where icoveredl%. This species
was not a targeted species of weed management in this treéiangeted weed speciexlude
fountain grassRennisetum setace(niuffelgrass Cenchrus ciliari$, indigo (ndigofera
suffruticos), tree tobaccoNicotiana glaucg, sourbushRluchea carolinensjs golden
crownbeardVerbesina encelioid¢sind fireweed$enecio madagascarienkis

Partridge peédChamaecrista nictitar)ss a member of the pea familljgbaeae)native
to India and the East IndieBhis speciesvas introduced to Hawaii before 1870, poss#sya
forage plant or a sand bindefi Pa r t r i d gRartriBgepeais n2ualizéd)in Hawdi,
grows well in disturbedreas (i.e.areas wher@erbicide applicatiohas cleared the vegetatipn
and may tolerate wildfire@€arino and Daehler 2002)s of December 1, 2019, the Plant Pono
webpagewvhich hoss the Hawaid WeedRisk Assessmen(a systemfor classifying the risk that a
non-native plantspecies may become invasiveHawaii) listed thepartridge pea aghigh-risko
of beconing invasive.This conclusion is based on the following undesirable plant traits:
elevation range exceeds 1000 trives in tropical climatesadisturbance weegotential
impacts to agriculture and the natural environmettier Chamaecristapecies ar&nown
invasives, tolerates many soil typesreproducs by seedsslf-compatible reactesmaturity in

one growing seaspieedsaredispersed by gravityand species ay tolerate cutting and fire
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(Plant Pono 2022 Partridge pea provides nitrogen enrichment to the ecosystem; it is an early
successional species and is generally displaced drydatcessional species. However, it could
potentially outcompeteaative plantgPlant Pono 2022 he spread of nitrogefixing plants like
partridge pea in a community has the potential to facilitate invasioathbyinvasive species by
increasing soihitrogen availability. A study by Carino and Daehler (2002) investigated the
potential of partridge pea to facilitate fountain grass invasions into natiéipteropogon
contortug grasslands. Their study found that partridggincrease soil nitrogeafter plant
senescencgCarino and Daehler 2002)hey foundthat increases in soil nitrogen associated with
this non-nativelegume facilitatd non-nativegrass invasions (Carino and Daehler 2002).
Therefore, given the potential for this speciesxacerbate future nemative grass invasions,
resource managers should consider targeting this species for future control efforts.

Figure R depicts the difference in the landscape fromfpreto postfire/postseed
scatteusingaerial satellite imagerylhe shorterm weed management treatmémitlined in
yellow) hashigher fountain grass cover than the ldagn treatmenfoutlined inred). Native

shrubs are observed in the aerial image of the-terrg weed management treatment.
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Figure 12: Aerial imagery of thdroadcast seedimgjte depicts vegetation change after the wildfire
disturbance and weed management and seed scatter. The photo on the left wasRakemry 142018,before
the fire,andthe photo on the right was tak on April 4, 202Z~3 years postire). The shortterm weed
managemernis outlined in yellow, longerm weed managemeistoutlined in redandbroadcast seeding outside
WDFI Preserveés outlined in blueThe highresolution satellite imagery wasovided in collaboration with federal
partners and with funding from the National Geospatial Agency and National Reconnaissance Office.

2.44 SpeciedDiversity

| founda loweroverallspecies diversity in the sheigrm weed management treatment;
12 species total were recordemimpared to 20 species in the lelegm weed management
treatment The shordterm weed management quadrats had three of the eleven seed scattered
speciesiilima, @& w e o w e @flid.&ounkain grass and buffelgrass characterized these
guadratgfountain grass mean percent cover of 44% in steonh treatment, 3% in loAgerm
treatment; buffelgrass mean percent cover of 7% gbort treatment, 1% longerm). Other
species presemcluded the nomativeredtop grassMelinis repeny indigo (Indigofera
suffruticosd, partridge peaGhamaecrista nictitans sourbushRluchea carolinens)s yellow

aster Tridax procumbensandSpanish needl@ortulacaPilosa), andthe natived haloa
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(Waltheria indicg. The initial removal of nomativeplantsin 2018provided conditions for
native seed scattered speciegéominate and establishowever, nomative species became
dominantin the shorterm treatmenafter herbicide application was terminated019
2.4.4.1Indicator Species

Plant species significantly associated withlth@eadcast seedingere identified usingn
indicator species analysi@ w e o w &aidiff, andpartridge peaGhamaecrista nictitansvere
indicator species in the lortgrm weed management treatmeavthile the shorterm weed
managemendreahad one indicator species, fountain gr@dsnchrus setaceouAn indicator
speciess an organismvhose pesence, absenaar, abundance reflects a specific environmental
condition(Caro 2010)

Indicator species in lonterm weed managememteatedalid, U we owe o, and part
peawere foundit he open space provi dedAdyiisafasyoi ng wee
growing shrub species that increased significantly in abundarnielong-term weed
managemenrdrea dAdlid@ populatons grow where seed sources are establishied)er et al.

1999.D 6 A n tebal (1999, also found thafatalid increased significantly in size and growth

with three years afionnativegrassremovai mi | arly, | found that bot
were larger in stature, reaching the shruBif) and small tree layer{&m) in the longterm

weed management area as compared to the-tgiortarea after three years of grass removal
(Figure5).Bot h &adali d@i and &Uwe o wkseedipgsimthelongd a sec
term weed management area. The first and second genscdtibese species were well
establishedeading to their emergence as indicator speéladridge pea is a nonnative species

that reproduces by seed, is a prolific seedipcer, and individual plants can reach maturity in

one growing season (Plant Pono 2022). It was also an indicator species for ttexriomgeed
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management area. The fact that it was not targeted for control by WDFI staff, yet was higher in
abundance in the loAgrm weed control area indicates that other-native plant species (likely
fountain grass) are outcompeting it there.

| found that fourdin grass was an indicator species in the sieont weed management
area. Fountain grass is an aggressive colonizer that outcompetes most native species during the
establishment phase (Wagner et al. 1999). Fountain grass is a C4 perennial bunchgrass from
North Africa, that grows well in dry ecosystems and once established, seeds are easily dispersed
short distances by wind (Jacobi and Warshauer 1992; Wagner et al. 1999). Due to high
phenotypic plasticity in its physiological, grow#nd reproductive tragt fountain grass has a
broad ecological niche which allows it to succeed across broad environmental gradients
(Williams et al. 1995). Due to its high dispersal rate, large abundance surrothrebegd
scatter area, ability to tolerate hot and dry emnnents, fast growth ratand superior
competitive ability, it is not surprising that this species became dominant in theéeshoweed
control area onlywo years after control efforts removed all individuals. This indicates that the
success of dry fost restoration efforts may depend heavily on the ability of managers to control
this speciesonsistently anébng-term.
2.4.4.2Diversity Patterns betweefreatments

In the Shannomdex, including all species, native and nmative, thdong-term weed
management treatment had a highedue(H= 2.54, compared to thehortterm weed
managementalue(H= 1.84). Within thdong-term weed management treatment, there was a
greater richess of native and namative species. On the other hand, fewer species
observed within the sheterm weed managemestea and fountain grassasa dominant

speciesas revealed by the indicator analysis
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During the 2021 survey,observe 22 plant species. The treatments differed in
species richness, diversity, and community composition. Weed management treatments did not
affect the species richness for native seed scattered species, haonawdid affect the overall
native and nomaive species community compositifigure6). More native and nonative
plants were observed in theng-term weed managemeartea The total abundance of plants
ranged from eight species in shtetm weed management to 20 species in-e@ng weed
managemertreatment

2.4.5Multivariate Analysis ofPlant CommunityData

2.4.5.1NonmetricMultidimensionalScaling and CanonicaCorrespondencénalysis

The nonmetric multidimensional scaling (NMS) analysis and ordination were based on
speciegercent cover. The nearly complete separation of shod longterm weed control areas
on the first axis shows that vegetation cowas distincbetween the two weed management
strategiesThe variation is greatdretween théwo treatmentshan withineach treatmeniThe
long-term treatmemivasmore similarSpeciesgé a |l i 6i and o6Uweoweo pl ot
occur together itong-term treatmenguadrats@ haloaNMS position clustered with loagerm
weed managemerthis may suggest that removing grass competition greatly increased the
abundan c e.NaHhatide brasaels wese abundant in the stesrh weed management
treatmentTwo plots overlap within therdination, indicating a similarity between vegetation
cover and structurd@.his could be due to the location of these quadrats being close together (and
therefore sharing substrate, or species). Quadrat 30 and quadrat 31 are near the boundary
between weedhanagement treatments (see Figure 2). However, the MRPP analysis also

indicates that the species composition between the two treatments differed significantly.
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A canonical correspondence analysis (CCA) was used to determine the relationship
between vegeten cover and the measured abiotic variables including average slope, aspect,
rock substrate, and leaf litter. The CCA determined that the abiotic variables did not have a
strong influence in explaining vegetation patterns [3gere9). The difference in species
distribution is therefore natrongly affected bgifferences in environmental variables between
weed control treatments. However, the first axis of the ordination (eigenvalue = 0.224) was
correlated to the slope and aspectalade. These results indicate that weed management strategy
(longterm and shofterm) had a greater influence on species composition and distribution than
the measured abiotic variables.

2.4.6Unqulates

The direct effects of ungulates on native Hawapkamt communities hae been well
studied, and research has revealed that physical disturbances such as herbivory and trampling
inhi bit native plant r ec ov eKemlgoarsCaprahweus adei (Leo
abundant and have access toaleas outside of the WDFI fence, and their activities have led to
an operbare groundreain the postfire seed scatter treatment outside of the fence (Personal
observation, WDFI staff). The 0.2&re grid #43 received the same weed management as the
shortterm treatment (three rounds of herbicidajithe same seed scatter treatment, and is
directly adjacent to the other plots and so received the same rainfalB8228m annually).
However,no native plants werebserved outside the WDFI fence during the surveys
comparison there wamly onequadrat in the shoterm treatmenivherel did not record any
native specieslThe onlyplantspecies observealtsideof the ungulate exclusion feneeere

fountain grass (which showéetavysigns of grazing) and tree tobacco, which may have
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chemical defensemgainst herbivoras no herbivore damage svaotedKeeler and Crowe
1984)

Ungulate browsing and/or trampling in grid #43 likely inhibited the germination or
establishment of native seedlings preventing the establishment of native plants in thissarea.
important to note thahe area surrounding the 0-36re grid had higholuntain grass coveand
by creating a concentrated area of only small and regrowingaingrass, the goats have kept it
in fire-fuel free condition for 3 years. ifie WDFI were to scale up beyond a single gifd
treatmentthe intensity of the browseould have been differeaind could have lowereagtazing
pressure.

The combination of seed scatter, weed management, and the exclusion of ungulates may
facilitate the regeneration of native species and greatly increases the chances of survival of native
plants. Thaxton et a{2010 found that longterm forest restoration (ungulate exclusion and
grass removal) led tilve recruitment of native woody seedlings into larger class sizes. This was
also evident inthelong-term weed management treatment whictt lmore shrubs and ground
cover of native plants. Even in the shtatm treatment, native species were able to establish,
though they occurred at a lower density and percent cover. With ungulates present, however, no
native plants were able to establish.

2.47 LowlandDry ForestRestoration

Lowland dry forests in Hawai @i have decl in
arrival due to the introductioand spreadf invasive species such as fountain gréessl and
domesticungulates, and the grass fire cycle which promotes wildficedestroys native forest
(Cuddi hy and Stone 1990; Wagner et al. 1999;

Vitousek 2000). Due to these changes in the past 200 years, there has bekdeclhagiin
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native flora and fauna, leading to a growing number of threatened and endangered plant species
(Sakai et al. 2002 oday,45% of dry forest plant species are at risk of endangeramgfit is
estimated that dry f &% efthdr erigihahdistibatiora(baiaietal.over o
2002; Pau et al. 2009). Wildfire risk is also increasing with climate change while the number of
nortnative plants established continues to increBseck and Daehler 202Trauernichtet al.

2015, with a high likelihood that some of these will increase fire {f&ccenda and Daehler

2022) There istherefore a need for strategies to reforest and revegetate burned ecosystems, not
only to protect and promote native plant spedies also to redce future fire risk. At the WDFI,

a large wildfire burned through nonnative grasslands in 2018 and provided an opportunity to

study postfire seed scattering and weed management strategies.

As this work has shown, the WDFI pdse seed scatterg has leen an effective way to
establish native shrubs and trees in a previo
dUweowe o, &iwill iomyderm waeeddnanagement removed the-native grasses
which are dominant in lowland dry forestasystem understories (fountain grass was reduced
from 44% mean coven theshorttermtreatmento 3% covetn thelong-termtreatment
Vegetation cover and species composition between the weed management treatment groups was
significantly different. N&ive stem counts (Table 3) and native species richnesshigher
under longterm weed management. Taken together, these results show that native plant seed
scatter and weed management through-teng targeted herbicide application could be an
effectivetool for postfire recovery projects seeking to revegetate dry forest ecosystems with
native plants.

There are numerous takeaways for land managers from this seed scatter study. First,

long-term weed management improves the establishment and regenefat®u scattered
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native species. There were mor e s tiwlinnstheo f
long-term weed management area. Second,-tengp weed management is required to increase
the rate of recovery of previously burned lowlamd fibrest; more native trees and shrubs were
found in the longerm weed control area as compared to the gbart weed control area.
Finally, longterm weed management promoted a higher diversity of native seed scattered
species. And critically, ungulaeroof fences are required for broadcast seeding to work as a

restoration tool in lowland dry forest ecosystams Ha wa i & i
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CHAPTER Ill. CONCLUSION

3.1CONCLUSION
Broadcasseeding has the potential to be an effective restoration stiatpggviously
burned areawithin Hawaiianlowland dry forest ecosystems. In larggale restoration efforts
that seek to reintroduce or augment native species to facilitate recor@agicast seeding in
combination with herbicide application to remawanative competitorsnay bean inexpensive
andeffective way to restordegradedativedry foress (Evans 1982McDaniel et al. 2011
Moreover, herestoratiorfrom grasslands to shblands and from shrublands forested
ecosystems reduce future fire risk (Hawbaker et al. 20at)ve forest rehabilitation and
restoratiorthereforemay bea costeffectivelong-termmanagement approach to redtice fuel
loads and fire danger while also controlling invasive species establishment and spread
(Hawbaker et al. 2017)
At the WDFI Preserve, lonterm shifts in community structure were observgithin the
seed broadcast areser the three years followinge large wildfire in 2018The WDFI areahad
successful germinatiorfo & a @wie o wid o, , ailima, wiliwili, kol on
6 0wi ki wi ki Oeeraltleight owt of theaténdroadcasted species germinaitidthe
excepti on Undne thoughriot many deeds weteoadcasfor those two specigs
This project demonstrates thaetcombination of longerm grass removal and seed scatter may
be an effective approach to the restoration of degraded lowland tropical dry forest ecosystems
Hawai 0i and ot her e c oThergsults af this workscanimelplinfborm ec osy s

managers who seek to transform degraded and highly flammable, low diversityatnan

dominated grasslands to less flammable nathreblands andioodlands.
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3.1.1Management Implications

These results at the WDPreserveare encouraging as pef#te seed scattering may
provide an alternative means for restoriogylanddry forest over larger areas thigrpossible
with themorecommon method of outplanting nursery grown seedlings. There are numerous
takeaways for land managers from this broadcast seeding experiment. First, investing in long
term weed manageme(tierbicide targetingon-nativegrasses and perennial weeds) improves
the establishment success @mdwthof broadcast seedethtive species. Alternatively, short
term weednanagemente(g.,3 herbicide applicationsver 9 monthsalso may assisin the
success obroadcast seedegheciesbut withlower resultingdensitiesof native plantand
slower growthrates of establishing natived/ith repeatedemoval ofweed (i.e., longeiterm
weed control)there is donger opportunityfor the desirable native plant commuyrio establish.
Longterm weed managnent alters habitat structure aitbwednative species to groom
seedlingsnto theground covef<l1 meter)shrub (23 meterspndsmall tree (35 meters)ayer.
Shortterm weed managemetmtoweverpnly allowednativeplants togrow within theground
cover (<1 meterandshrublayer(1-3 meters)Longterm weed managemeaisopromoteda
higher diversity and density of seed scattered spéuaesthe shorterm areaTherewas one
more speciesbservedwiliwil) ,and hi gher st wmo ¢ o teadisiviliintii & Uwe o
thelong-term weed managemeatea Finally, disturbance byon-nativeungulatege.g., feral
goats)led to alack ofestablishmentf seeds scattered outside the WDFI fefides work
demonstrates thahgulatefree fenced areamerequired for broadcast seeding to work as a
restoration tool.

3.1.1.1Native SeedAvailability

In addition to ungulateshelack of nativeseeds can aldwe a barrieto the restoratiorof

|l owl and dr y f Manydsyfosest projectéleasst abie diacolled or hold large
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guantities of common native seedés.a result, therare not enough native seeds available to
reforest thadegraded or previously burnemvland dry forest¢Elliott Parsons, personal
communication)After the wildfire, WDFI knew that seed supply would be a limiting factor for
broadcast seeding. In the agricultural world, it can take anywhere from 3ls.80seed to fill
an acre for cover crops (Roberadi, email message to authdvlarch 15, 2023). Therefore,
WDFI knew that seed availability would cause the broadcast seeding to be spread thin in
comparison to agricultural methods. The WOEkiredmoreseed for the seed broadcasting

experimentput the seedseeded for that densifyu st wer enét avail abl e.

Despite the limited seed availabilithet WDFI collected seedsr multiple speciesvith
the help of volunteers and seed donations fn@arbypartner conservation organizationa the
Hawail Island Seed BankA majority of the seedssed in this experiment, howeveigre
collected from existing outplant areas within the WDFI Pres@nd therefore came from
previous native plant augmentations and reintroductions, not wilddgils) WDFI held
several volunteer opportunitiésr the communitgoh el p col |l ect seeds of 060U
and apridr fotimenjtiation of this experiment, and total 148 volunteer hours were
utilized to gather seeds. Other seeds weradjreleaned and in storage or donated by partner

organizationgseeTable7). Collecting cleaning, drying, packaging, and finally storsegds is

necessary for future broadcast seeding restoration efforts.
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Table 7: Native dy forestspecies from which seeds werellected for the broadcast seeding experiment. For
Dodonaea viscosawithout casingmeans that the seed was removed from the papery casing, and with casing
mears seeds were not removed from the casitarh grid was O-acres.

Scientific Name Common or Total Weight per

Hawaiian Name weight (g) grid (Q)
Dodonaea viscos@without casing) ¢ Adal i 6i 1417 33
Dodonaea viscosg@with casing) AWoali oi 14450 340
Chenopodium oahuense 6 0weowe o 2807 66
Canavaliahawaiiensis 6uwi ki wi 3884 91
Sida fallax 611 i ma 210 4
Senna gaudichaudii Kolomona 887 20
Bidens menziesii Koo6okooo 28 0.5
Sophora chrysophylla MUmane 510 12
Argemone glauca Pua Kala 164 3
Oseomeles anthyllidifolia a Tei 187 4
Erythrina sandwicensis Wiliwili 638 15

Grand Total

weight (g) 25182 588.5

3.1.1.2Return onnvestment

In order to calculate the return on investm@ot species that responded well to the
treatmenwhich included Uw e o waloi, 6 i,aband d&i | inateeplanisalive. , t he
after 3 years posdtre and broadcast seeding (both long and stesrh weed management)
compared the number of seeds broadcast per grid to the average stem count (plant density) per
100m?(Tabde8) . For 6 Uwe o viB97]seedswere twdadcasiathroaghout ek
m? grid squareandan average of 186 U w e csterasovere countgeer 100m?in the long
term weed management treatmentcontrastan average of.26 U w e csterasavere counted
per 100m?grid squaren the shorterm weed managemeartea In the longterm weed
treatment, therefore ®% o f t h e Gveowende¢ds neseltkd i steras well as3.7% of
t haa |ai 621,72 aonfdilimal{assuriiing all stems represent recruits from the scattered
seeds). In contrast, for the shtetm weed treatmer®,0% of t helweadeeder ed 06

resulted in stemas wellas0.% o f afd lhied 20 a h dimah e @
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Table 8 Averagewe i g ht
(Sida fallay, total seeds ped.5-acregrid, the average stem count, gretcentseeds that resulted in sterAserage
seed weight data @reprovided by Lyon Arboretum staff.

per

s gCGhenopbdium oahliemsé a \& ¢Dbdortaéa viscoda

and aili ma

Species Long-term Short-term
treatment treatment
Hawaiian | Mean Total Seed Total Estimated | Seeds | Average Average
Name weight seed weight estimated #| # of seeds| per Stem Count| Stem
per seed | weight | per grid | of seeds per grid 100m? | per 100mM | Count
(9 (9 @l | (9) per
grids) 100n?
6 U we o\ 0.000202| 2807 65.28 13,896,040| 323,164 15,971 | 15.3 2.4
(0.1%) (0.1%)
BAoal i |0.00618 | 1417 32.95 229,288 5332 264 9.8 25
(3.7%) (0.9%)
alima 0.00448 | 210 4.88 46,875 1090 53.87 | 11.7 15
(21.7%) (2.8%)

3.1.1.3Stems peAcre

In other areas of the WDFI Presermggnagers havegoal for establishinguccessful

outplanting sits, whid is one wheréetween 308100 nativeplants/acrere established through

reintroduction effortsin the seed broadcasting area, WDFI had a similar goal (i.e., 300

400/acre), howeveit was initially unclear whether this goal would be reached because of

differences in substrate, restoratiastbry, and restoration methodologihe substrate is

different betweemutplanting and seed scatterisites (mainly 6 a fortthe outplanting sitand

p U h o éohtleseed scatter sjté\s well, the restoration history is different with 10+ years of

restoration work happening in the outplanting site compared to 0 years before the burn in the

seed scatter site. Finally, it was unclear whether the two different restoration methods

(outplarting vs. seed scatter) could produce similar reshiterder to compare the success

between the two sitebused the average stem count data pemid® estimate stem counts per

acreand compared that to the goals by site (T&hpl¢ foundthat the lpoadcasting sitevith

long-term weed managemergached similar numbefsr each speciegs comparetb the
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outplanting site plants per acre (3000 plants). Se&able8 for three of the broadcast seeded

~

species that performed well in this experimétw e o wad a | i @ilima. and &

Table 9: Estimatedseeds broadcasted per acre and estinsag@dcountperacre for6 U w e o @henopodium
oahuensp , & ®ddankda viscodd, a n ¢Sidafalley. ma

Species Long-term Short-term
treatment treatment
Scientific Name Hawaiian | Seeds per Estimated stemg Estimated stems
Name acre per acre per acre
Chenopodium oahuense | 6 U we o | 646,327 619 97
Dodonaea viscosa Moal i| 10,66 397 101
Sida fallax dlima 2180 473 61
Total stems: | 1489 259

3.1.14 Expenses$nvolved in thaMeedManagement

A breakdown of the costs for lorigrm weed management in the broadcast seedini site
available in Tabld0. Roundup PowerMAX (BAYER AG)the herbicide used in théxperiment
with the active ingredierglyphosatecosts around $157.95 for 2.5 gallons (320 fl.,ao¥t
accessed March4, 2023 via amazon.comSeeTable10 for the number of personnel hours,
herbicide amountsnd herbicide costs per acre dhd22 acres totalCosts associated with
herbicide applicationlecreas®vertime. The nitial herbicide application totaled $689.f# the
22 acresand the costlecreasetb $570.90 by thethird treatment. Personnel hadeclinedover
time as wellfrom 10.9 to 5.4 hours an adrem the first treatment tde third treatment one

year later.
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Table 10: Cost associated wilong-term weed management in the broadcast seeding site.

Herbicide Application Personnel Herbicide | Herbicide | Cost for 22
Treatment Hours/Acre | per acre | costper | acres total
(fl. 0z.) acre
Initial treatment 9/2018 10.9 63.6 $31.36 $690
Secondary treatment0/2018 | 3.9 46.4 $22.54 $4%
Third treatment3/2019 5.4 51.5 $25.95 $571
Fourth treatment11/2019 4.8 47.1 S23.03 $507
Fifth treatment4/2020 7.0 23.2 $11.27 $275

3.1.15 Future ResearchDirections
While this thesis provides information on the effectiveness offa@sseed scattering as
a restoration approach, it also raises new research queSQimanportant question is how long
it takes to establish diverse native plant communities that are mdientds disturbances such
as invasive species, intense storms, drought, or wildfire. This project only assessed the trajectory
of restoration over a-gear period, but a longer tinpeeriod(e.g., 1620 years) may be required
for resilientnative dominatel communitiego formthat will persistdespite disturbance amdth
minimal futureinvestment of resources by staflternatively, restoration sites in the lowland
dry forests of Haatiagh lével ohesligncerdeevoenigh irvasikiéape v e
propagule pressuréhecompetitive ability of weedsind the continuingrrival of new invasive
species every yed&Brock and Daehler 2021As well, the resilience of restored plant
communities is also threatendde to the transforming influences of climate change which will
likely lead to reduced rainfall, increased temperatures, and longer and more severe droughts
dry forest ecosystema Hawail (USGCRP 2018)
Anotherguestion is what impact the number of seeds scattered has on restoration success.

This project only assessed the effects of one density of seeds scattered once across the entire 22
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acres, but it is likely that the amountsafattered seeds and the number of times seeds are
scattered will influence the rate of recovery of native plants in a restoration area. A future study
could assess multiple densities of seeds scattered and/or additional seed scattering events (after
the nitial one) to determine &optimal density and number of scattering evdhis possible
that increasing the amount of scattered seeds will increase the number of stems of native species
if there are unused safe sites for seeds to germinate. Asneedlasing the number of seed
scattering events could also decrease the amount of falboweed control needed if native
plants can saturate available germination sites andmppe establishment by narative species.

A final research question is whetloartain native plants in the dry forest can facilitate
ot her n atsuceess. Fomperamplegrsaio nativgplantsmayimprove habitat quality for
laterbroadcast seedegppeciefMedeiros, von Allmen, and Chimera 201@d&alid and
6 Uw e owhietpare fast growing shrubs, for example, could act as nurse plants and increase
site quality for other native plant species. To this aninitial seed scattezould focus on
establishing potential nurse plant speciesii®a | andd U w e oAfter these species establish
and mature, secondary species could be scattered. The secondarycspsdaEnsist ofmore
drought or wind sensitivehrubg(e.g.,d Kia (Wikstroemiasp.) kulud(Nototrichium
sandwicens®, or ground cover specieBollowing theestablishment ahorter staturéground
coverand shrubypeciesmanagers could thédmally scatter tree specig¢s.g.,coastal
sandalwoodil i a h i(Samtdlum @ligticury and naio Myoporum sandwicenye Potential
benefits of nursplant species alongside staggered broadcast seeding could include improved sun
and wind protection, cooler and moister soils, and improved soil nutrient cyPlaalijla and

Pugnaire 2006)Given the threats faced by native dryland ecosystems in Hailairesearch

70



and development of novel management strategies are critical for the restoration and conservation

of lowland dry forests in Hawi
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APPENDIX |. QUADRAT RAW DATA

Table 11: Quadrat Universal Transverse Mercator (UTlbBation, aspect, slope, and substrate percent cover
Abbreviations: LF long-term weed management, Shortterm weed management; Qutside WDFI Preserve.

PLOT UTM 1 2 ASPECT SLOPE 1 SLOPE 2 Average Slope

LT1 207365 2203438 260 6 27" 16.5
LT2 207478 2203406 340 14 18" 16
LT3 207439 2203401 220 8 15" 11.5
LT4 207445 2203358 285 4 10" 7
LT5 20742& 2203302 280 8 4" 6
LT6 207395 2203388 310 10 17" 13.5
LT7 207395 2203360 290 11 15" 13
LT8 207390 2203305 280 13 257 19
LT9 207399 2203271 230 3 6" 4.5
LT10 207180 2203434 210 14 15" 14.5
LT11 207325 2203382 290 1 10” 5.5
LT12 207349 2203345 250 1 20" 10.5
LT13 207333 2203307 260 7 2" 45
LT14 207251 2200328 250 14 117 12.5
LT15 207293 2203379 290 5 25" 15
LT16 207309 2203351 300 4 25" 14.5
LT17 207288 2203303 235 6 8" 7
LT18 207263 2203391 210 7 1” 4
LT19 207263 2203367 0 10 25" 17.5
LT20 207241 2203300 300 11 12" 11.5
LT21 207204 2203412 350 10 2" 6
LT22 207219 2203364 60 15 117 13
LT23 207204 2203297 160 14 2" 8
LT24 207173 2203402 350 13 1” 7
LT25 207173 2203358 240 8 30" 19
LT26 207133 2203310 172 4 1” 2.5
LT27 207129 2203355 220 4 157 9.5
LT28 207091 2203312 250 5 15" 10
LT29 207045 2203322 130 1 13" 7
LT30 207031 2203316 151 3 117 7
ST31 206972 2203341 89 6 1” 3.5
ST32 206905 2203406 28 1 2" 1.5
ST33 206882 2203384 59 2 14" 8
ST34 206918 2203337 230 6 1” 3.5
ST35 206861 2203911 50 2 1” 1.5
ST36 206884 2203387 38 3 13" 8
ST37 206837 2203410 300 4 14" 9
ST38 206811 2203354 22 12 5" 8.5
ST39 206795 2203374 365 11 17 6
ST40 206784 2203435 300 3 10” 6.5
ST41 206744 2203415 255 1 3" 2
ST42 206718 2203517 320 5 0” 2.5
043 206700 2203496 320 6 20" 13
044 206680 2203451 180 1 117 6
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Table 12: Point line intercept substrate data. Abbreviations: Ioig-term weed management, Shortterm weed

leaf litter.

rock, S= soil, L

management, Qoutside WDFI Preserv®

Percent SPercent L

Percent R

2M 3M aM 5M 6M ™ 8M M 10M

PLOT # 1M

LT1
LT2
LT3
LT4
LTS
LT6
LT7
LT8
LT9

40

20

40
40
60
40
20
20
40
20

60
40

50

10
20
20
30
30

60
60
30

50

80

10
20
40

10
30
50
70
50
70
40
40

50

R
R
S
R
L

LT10

10
20
10
10
40
30

LT11

10
40

LT12

LT13

20
20
30
70
20
30

LT14

R
R
S
S
L
L

LT15

LT16

20
40

10
40
40
70
60
20
70
20
70
20
60
50
50
60
30
40
30
50
70
50
60
80
50
70
50
60
80
40

LT17

LT18

30

LT19

30

LT20

30

10
10
10
30
20
20
20

R
R
R
R
R
L

LT21

70
20
50

LT22

LT23

LT24

10
60
20
50

LT25

LT26

R
L

LT27

LT28

30

20
20

R
R
R
L
S
L

LT29

20
60
40

LT30
ST31

10
20
60
20

ST32

10
30

ST33

ST34

30

R
L
L

ST35

40

10
20

ST36

20
20
30

ST37

R
R
L
S

ST38

20

ST39

20
20
30

10
30

ST40

ST41

10
20
30

R

ST42
043
044

30
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Table 13: Vegetation layer data for each species. Abbreviatiohsiongterm weed management, Siortterm weed management; GQutside WDFI
PreserveG=ground layer, S= shrub layer, T= small tl@@DVIS- Dodonaea viscos&CHEOAH Chenopodium oahuens8IDFAL- Sida fallax ERY SAN-
Erythrina sandwicensjsHETCON Heteropogon contortysVALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA:- Neprolehpsis exalafafCENSETF
Cenchrus setaceou$RIPRG Tridax ProcumbensPLUCAR- Plucheacarolinensis CHAHIR- Chamaesyce hirteaCENCIL- Cenchrus ciliaris INDSUF
Indigofera suffruticosaMELRER Melinis repensVULBRO- Vulpia bromoidesCONBON Conzya bonariensisNICGLA- Nicotiana glauca SENMAD-
Senecio madagascarienslOMCHA- Momordicacharantia CHANIC- Chamaecrista nictitans®ORPIL- Portulaca Pilosa NICGLA- Nicotiana glauca

PLOT  ERYSAN CHEOAHDODVIS SIDFAL WALIND HETCONPORPIL CENSET TRIPRO PLUCAR CHAHIR CHANIC CENCIL INDSUF MELREP VULBRO CONBONNEPEXA SEN MADIPOIND MOMCHANICGLA BAREGR

LT1 G S S S G NA NA G NA NA G G G G G NA NA NA G NA NA NA G
LT2 NA S G S G NA G G G NA NA G G NA NA NA NA S NA NA NA NA G
LT3 NA S S S S G G G G NA NA G NA NA NA NA NA NA NA NA NA NA G
LT4 NA NA S NA G NA NA G G NA NA G G NA G G NA NA NA NA NA NA G
LTS NA G S S G NA NA G NA NA NA G G NA NA NA G NA NA NA NA NA G
LT6 NA S S NA G NA NA G NA NA NA G NA G NA NA G NA NA NA NA NA G
LT7 NA S G S S NA NA G G NA NA G NA G G NA NA NA NA NA NA NA G
LT8 NA NA G S G NA G G NA NA NA G NA NA G NA NA NA NA NA NA NA G
LT9 NA S S S G NA G G NA NA NA NA G NA NA NA NA NA NA NA NA NA G
LT10 NA NA S NA S NA NA G NA NA NA G NA NA G NA NA NA NA NA NA NA G
LT11 NA G S S S NA NA G G NA NA G G NA NA NA NA NA NA NA NA NA G
LT12 NA S G S S NA G G G NA NA G G G G NA NA NA NA NA NA NA G
LT13 NA S S S S NA NA G G NA NA G NA NA G NA NA NA NA NA NA NA G
LT14 NA S S NA S NA NA G G NA NA G NA NA NA NA NA NA NA NA NA NA G
LT15 NA S S S S NA G G NA NA NA G G NA NA NA NA NA G NA NA NA G
LT16 NA NA S G G NA NA G G NA NA G G G NA NA NA NA NA NA NA NA G
LT17 NA S NA S NA NA G NA NA NA G NA G G NA NA NA NA NA NA NA G
LT18 NA S G NA S NA G G G NA NA G G NA NA NA NA NA NA NA NA NA G
LT19 NA S NA G NA G G G NA NA G NA NA G NA NA NA NA NA NA NA G
LT20 NA NA NA NA G NA NA G NA NA NA G G NA G NA NA NA NA NA NA NA G
LT21 NA S G S S NA NA G G NA NA G NA S G NA NA NA NA NA NA NA G
LT22 NA S S NA S NA NA G NA NA NA G NA G NA NA NA NA G NA NA NA G
LT23 NA S G NA S NA G G G NA NA G NA NA NA NA NA NA NA NA NA NA G
LT24 NA S S NA S NA NA G NA NA NA G NA NA G NA NA NA NA G NA NA G
LT25 NA S G S G NA G G G NA NA G NA G NA G NA NA NA NA NA NA G
LT26 NA S G NA G NA G G NA NA NA G NA NA G NA G NA NA NA NA NA G
LT27 NA T G NA S NA NA G NA NA NA G NA NA NA NA NA NA NA NA NA NA G
LT28 NA S S S G NA NA G NA NA NA G G NA G NA NA NA NA NA G NA G
LT29 NA S G NA G NA NA G G NA NA G G NA G G NA NA NA NA NA NA G
LT30 NA NA S NA S NA G G G NA NA G G NA NA NA NA NA NA NA NA NA G
ST31 NA NA S NA G NA NA G G NA NA G NA NA NA NA NA NA NA NA NA NA G
ST32 NA NA NA S S NA NA G NA NA NA G NA NA NA NA NA NA NA NA NA NA G
ST33 NA S S NA G NA NA G G NA NA G NA G G NA NA NA NA NA NA NA G
ST34 NA NA G G NA NA NA G NA NA NA G G NA NA NA NA NA NA NA NA NA G
ST35 NA NA G S G NA G G NA NA NA G G NA NA NA NA NA NA NA NA NA G
ST36 NA G G NA G NA NA G NA NA NA G NA G G NA NA NA NA NA NA NA G
ST37 NA G NA NA G NA NA G NA NA NA G NA NA NA NA NA NA NA NA NA NA G
ST38 NA NA NA NA G NA G G NA NA NA NA G NA NA NA NA NA NA NA NA NA G
ST39 NA NA G NA S NA NA G G S NA NA G NA NA NA NA NA NA NA NA NA G
ST40 NA S NA S G NA NA G G NA NA G NA G NA NA NA NA NA NA NA NA G
ST41 NA NA G S G NA G G NA NA NA G G NA NA NA NA NA NA NA NA NA G
ST42 NA NA S S G NA NA G G NA NA G NA G NA NA NA NA NA NA NA NA G
043 NA NA NA NA NA NA NA G NA NA NA NA NA NA NA NA NA NA NA NA NA T G
044 NA NA NA NA NA NA NA G NA NA NA NA NA NA NA NA NA NA NA NA NA T G
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Table 14:Vegetation cover class data. AbbreviatiddE: long-term weed management, Sortterm weed management; Gutside WDFI Preserve,
DODVIS- Dodonaea viscosa8CHEOAH Chenopodium oahuensB8IDFAL- Sida fallax ERY SAN- Erythrina sandwicensjHETCON Heteropogon contortys
WALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA:- Neprolehpsis exalaffCENSET Cenchrus setaceou$RIPRO Tridax Procumbens
PLUCAR- Pluchea carolinensjsCHAHIR- Chamaesyce hirteaCENCIL- Cenchrus ciliaris INDSUF- Indigofera suffruticosaMELREPR Melinis repens
VULBRO- Vulpia bromoidesCONBON Conzya bonariensiNICGLA- Nicotiana glauca SENMAD- Senecio madagascariensMOMCHA- Momordica
charantia CHANIC- Chamaecrista nictitandPORPIL: Portulaca Pilosa NICGLA- Nicotiana glauca

PLOT ERYSAN CHEOAHDODVIS SIDFAL WALIND HETCONPORPIL CENSET TRIPRO PLUCAR CHAHIR CHANIC CENCIL INDSUF MELREP VULBRO CONBONNEPEXA SEN MADIPOIND MOMCHANICGLA BAREGR TOTAL

LT1 0.5 3 0.5 0.5 7.5 0 0 17.5 0 0 0.5 0.5 0.5 3 0.5 0 0 0 0.5 0 0 0 62.5 97.5
LT2 0 7.5 3 3 7.5 0 0.5 3 0.5 0 0 17.5 0.5 0 0 0 0 0.5 0 0 0 0 62.5 106
LT3 0 3 0.5 0.5 7.5 3 0.5 3 0.5 0 0 17.5 0 0 0 0 0 0 0 0 0 0 62.5 98.5
LT4 0 0 0.5 3 0 0 3 3 0 0 17.5 0.5 0 0.5 0.5 0 0 0 0 0 0 375 66
LTS5 0 0.5 3 3 7.5 0 0 3 0 0 0 17.5 0.5 0 0 0 0.5 0 0 0 0 0 85 120.5
LT6 0 3 3 0 3 0 0 3 0 0 0 7.5 0 0.5 0 0 0.5 0 0 0 0 0 85 105.5
LT7 0 3 0.5 3 7.5 0 0 3 0.5 0 0 7.5 0 0.5 3 0 0 0 0 0 0 0 62.5 91
LT8 0 0 0.5 3 17.5 0 0.5 3 0 0 0 17.5 0 0 0.5 0 0 0 0 0 0 0 62.5 105
LT9 0 3 3 7.5 7.5 0 3 0.5 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 62.5 87.5
LT10 0 0 3 0 7.5 0 0 3 0 0 0 7.5 0 0 3 0 0 0 0 0 0 0 62.5 86.5
LT11 0 0.5 0.5 0.5 17.5 0 0 3 0.5 0 0 17.5 0.5 0 0 0 0 0 0 0 0 0 62.5 103
LT12 0 3 0.5 3 7.5 0 0.5 3 0.5 0 0 37.5 0.5 0.5 0.5 0 0 0 0 0 0 0 375 94.5
LT13 0 3 3 3 7.5 0 0 0.5 0.5 0 0 17.25 0 0 0.5 0 0 0 0 0 0 0 62.5 97.75
LT14 0 0.5 3 0 17.5 0 0 3 0.5 0 0 17.5 0 0 0 0 0 0 0 0 0 0 62.5 104.5
LT15 0 3 3 0.5 7.5 0 0.5 0.5 0 0 0 17.5 0.5 0 0 0 0 0 0.5 0 0 0 62.5 96
LT16 0 0 3 0.5 3 0 0 3 3 0 0 7.5 0.5 0.5 0 0 0 0 0 0 0 0 85 106
LT17 0 3 3 0 175 0 0 3 0 0 0 17.5 0 0.5 3 0 0 0 0 0 0 0 17.5 65
LT18 0 3 0.5 0 7.5 0 0.5 3 0.5 0 0 7.5 3 0 0 0 0 0 0 0 0 0 62.5 88
LT19 0 3 3 0 7.5 0 0.5 0.5 0.5 0 0 3 0 0 7.5 0 0 0 0 0 0 0 85 110.5
LT20 0 0 0 0 3 0 0 3 0 0 0 17.5 0.5 0 0.5 0 0 0 0 0 0 0 85 109.5
LT21 0 7.5 0.5 0.5 7.5 0 0 3 0.5 0 0 3 0 3 3 0 0 0 0 0 0 0 85 113.5
LT22 0 7.5 3 0 3 0 0 3 0 0 0 3 0 0.5 0 0 0 0 0.5 0 0 0 62.5 83
LT23 0 0.5 0.5 0 17.5 0 0.5 3 0.5 0 0 17.5 0 0 0 0 0 0 0 0 0 0 62.5 102.5
LT24 0 7.5 3 0 7.5 0 0 3 0 0 0 7.5 0 0 0.5 0 0 0 0 0.5 0 0 62.5 92
LT25 0 3 0.5 0.5 3 0 0.5 3 0.5 0 0 0.5 0 3 0 0.5 0 0 0 0 0 0 85 100
LT26 0 3 0.5 0 62.5 0 0.5 0.5 0 0 0 0.5 0 0 0.5 0 0.5 0 0 0 0 0 37.5 106
LT27 0 7.5 0.5 0 7.5 0 0 0.5 0 0 0 7.5 0 0 0 0 0 0 0 0 0 0 62.5 86
LT28 0 3 3 3 3 0 0 3 0 0 0 3 3 0 7.5 0 0 0 0 0 0.5 0 62.5 91.5
LT29 0 3 0.5 0 7.5 0 0 3 3 0 0 3 0.5 0 0.5 3 0 0 0 0 0 0 62.5 86.5
LT30 0 0 0.5 0 7.5 0 3 3 0.5 0 0 7.5 0.5 0 0 0 0 0 0 0 0 0 62.5 85
ST31 0 0 0.5 0 7.5 0 0 375 0.5 0 0 0.5 0 0 0 0 0 0 0 0 0 0 37.5 84
ST32 0 0 0 3 3 0 0 62.5 0 0 0 3 0 0 0 0 0 0 0 0 0 0 17.5 89
ST33 0 3 0.5 0 3 0 0 375 0.5 0 0 0.5 0 0.5 3 0 0 0 0 0 0 0 62.5 111
ST34 0 0 0.5 3 0 0 0 62.5 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 0 17.5 84.5
ST35 0 0 0.5 0.5 3 0 0.5 37.5 0 0 0 3 0.5 0 0 0 0 0 0 0 0 0 62.5 108
ST36 0 0.5 0.5 0 3 0 0 62.5 0 0 0 3 0 0.5 7.5 0 0 0 0 0 0 0 37.5 115
ST37 0 0.5 0 0 7.5 0 0 62.5 0 0 0 3 0 0 0 0 0 0 0 0 0 0 17.5 91
ST38 0 0 0 0 3 0 0.5 375 0 0 0 0 3 0 0 0 0 0 0 0 0 0 85 129
ST39 0 0 0.4 0 3 0 0 37.5 0.5 0.5 0 0 17.5 0 0 0 0 0 0 0 0 0 37.5 96.9
ST40 0 0.5 0 0.5 3 0 0 17.5 3 0 0 0.5 0 0.5 0 0 0 0 0 0 0 0 375 63
ST41 0 0 0.5 3 7.5 0 0.5 7.5 0 0 0 3 3 0 0 0 0 0 0 0 0 0 62.5 87.5
ST42 0 0 0.5 3 17.5 0 0 17.5 3 0 0 0.5 0 3 0 0 0 0 0 0 0 0 62.5 107.5
043 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 7.5 85 93
044 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 3 97.5 101
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Table 15: Vegetation actual percent covébbreviations.LT- long-term weed management, Shortterm weed management; Qutside WDFI Preserve,
DODVIS- Dodonaea viscosa8CHEOAH Chenopodium oahuensB8IDFAL- Sida fallax ERY SAN- Erythrina sandwicensjHETCON Heteropogon contortys
WALIND - Waltheria indica IPOIND- Ipomoea indicaNEPEXA:- Neprolehpsis exalaffCENSET Cenchrus setaceou$RIPRO Tridax Procumbens
PLUCAR- Pluchea carolinensjsCHAHIR- Chamaesyce hirteaCENCIL- Cenchrus ciliaris INDSUF- Indigofera suffruticosaMELREPR Melinis repens
VULBRO- Vulpia bromoidesCONBON Conzyw bonariensisNICGLA- Nicotiana glauca SENMAD- Senecio madagascariensMOMCHA- Momordica
charantia CHANIC- Chamaecrista nictitandPORPIL: Portulaca Pilosa NICGLA- Nicotiana glauca

PLOT  ERYSAN CHEOAHDODVIS SIDFAL WALIND HETCONPORPIL CENSET TRIPRO PLUCAR CHAHIR CHANIC CENCIL INDSUF MELREP VULBRO CONBONNEPEXA SEN MADIPOIND MOMCHANICGLA BAREGR TOTAL

LT1 0.25 3 0.5 0.5 7 0 0 12 0 0 0.5 0.5 0.5 2 0.5 0 0 0 0.5 0 0 0 72.25 100
LT2 0 7 2 2 7 0 0.5 4 0.5 0 0 15 0.5 0 0 0 0 0.25 0 0 0 0 61.25 100
LT3 0 1 0.5 0.75 7 4 0.25 5 0.25 0 0 25 0 0 0 0 0 0 0 0 0 0 56.25 100
LT4 0 0 0.75 0 5 0 0 3 3 0 0 20 0.75 0 0.5 0.5 0 0 0 0 0 0 66.5 100
LTS 0 0.5 2 2 8 0 0 3 0 0 0 10 0.5 0 0 0 0.25 0 0 0 0 0 73.75 100
LT6 0 2 2 0 5 0 0 3 0 0 0 6 0 0.5 0 0 0.5 0 0 0 0 0 81 100
LT7 0 3 0.5 1 7 0 0 4 0.5 0 0 7 0 0.5 1 0 0 0 0 0 0 0 75.5 100
LT8 0 0 0.5 4 20 0 0.25 2 0 0 0 20 0 0 0.5 0 0 0 0 0 0 0 52.75 100
LT9 0 2 1 8 10 0 2 0.5 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 76 100 Hundreds of sidfal keiki
LT10 0 0 3 0 10 0 0 3 0 0 0 10 0 0 4 0 0 0 0 0 0 0 70 100
LT11 0 0.25 0.75 0.5 20 0 0 5 0.5 0 0 20 0.5 0 0 0 0 0 0 0 0 0 52.5 100
LT12 0 2 0.25 2 9 0 0.5 1 0.5 0 0 25 0.25 0.5 0.5 0 0 0 0 0 0 0 58.5 100
LT13 0 1 2 4 8 0 0 0.5 0.5 0 0 15 0 0 0.5 0 0 0 0 0 0 0 68.5 100
LT14 0 0.5 1 0 15 0 0 1 0.25 0 0 15 0 0 0 0 0 0 0 0 0 0 67.25 100
LT15 0 5 3 0.5 6 0 0.5 0.5 0 0 0 15 5 0 0 0 0 0 0.25 0 0 0 64.25 100
LT16 0 0 2 0.5 5 0 0 3 2 0 0 8 0.5 0.5 0 0 0 0 0 0 0 0 785 100
LT17 0 3 1 0 25 0 0 3 0 0 0 25 0 0.25 5 0 0 0 0 0 0 0 37.75 100
LT18 0 3 0.5 0 8 0 0.5 3 0.5 0 0 10 2 0 0 0 0 0 0 0 0 0 725 100
LT19 0 2 2 0 8 0 0.25 0.5 0.5 0 0 5 0 0 8 0 0 0 0 0 0 0 73.75 100
LT20 0 0 0 0 2 0 0 3 0 0 0 10 0.5 0 0.5 0 0 0 0 0 0 0 84 100
LT21 0 5 0.5 0.5 8 0 0 4 0.5 0 0 2 0 1 3 0 0 0 0 0 0 0 75.5 100
LT22 0 7 4 0 5 0 0 5 0 0 0 5 0 0.25 0 0 0 0 0.25 0 0 0 735 100
LT23 0 0.5 0.25 0 25 0 0.25 5 0.25 0 0 10 0 0 0 0 0 0 0 0 0 0 58.75 100
LT24 0 8 2 0 7 0 0 3 0 0 0 5 0 0 0.5 0 0 0 0 0.5 0 0 74 100
LT25 0 2 0.5 0.25 5 0 0.5 5 0.5 0 0 0.5 0 2 0 0.5 0 0 0 0 0 0 83.25 100
LT26 0 2 0.5 0 75 0 0.25 0.5 0 0 0 0.5 0 0 0.5 0 0.25 0 0 0 0 0 20.5 100
LT27 0 10 0.5 0 5 0 0 0.5 0 0 0 10 0 0 0 0 0 0 0 0 0 0 74 100
LT28 0 5 3 1 4 0 0 5 0 0 0 5 5 0 8 0 0 0 0 0 0.5 0 63.5 100
LT29 0 1 0.5 0 8 0 0 2 2 0 0 4 0.5 0 0.5 2 0 0 0 0 0 0 79.5 100
LT30 0 0 0.5 0 9 0 1 3 0.5 0 0 8 0.5 0 0 0 0 0 0 0 0 0 775 100
ST31 0 0 0.75 0 8 0 0 45 0.5 0 0 0.5 0 0 0 0 0 0 0 0 0 0 45.25 100
ST32 0 0 0 1 4 0 0 75 0 0 0 2 0 0 0 0 0 0 0 0 0 0 18 100
ST33 0 3 0.5 0 4 0 0 30 0.5 0 0 0.5 0 0.5 3 0 0 0 0 0 0 0 58 100
ST34 0 0 0.5 3 0 0 0 75 0 0 0 0.5 0.5 0 0 0 0 0 0 0 0 0 20.5 100
ST35 0 0 0.5 0.5 4 0 0.5 50 0 0 0 1 0.5 0 0 0 0 0 0 0 0 0 43 100
ST36 0 0.5 0.5 0 3 0 0 68 0 0 0 2 0 0.5 5 0 0 0 0 0 0 0 20.5 100
ST37 0 0.5 0 0 5 0 0 70 0 0 0 1 0 0 0 0 0 0 0 0 0 0 235 100
ST38 0 0 0 0 2 0 0.5 25 0 0 0 0 2 0 0 0 0 0 0 0 0 0 70.5 100
ST39 0 0 0.5 0 3 0 0 25 0.5 0.5 0 0 25 0 0 0 0 0 0 0 0 0 45.5 100
ST40 0 0.5 0 0.5 3 0 0 45 1 0 0 0.5 0 0.5 0 0 0 0 0 0 0 0 49 100
ST41 0 0 0.5 1 10 0 0.5 10 0 0 0 3 5 0 0 0 0 0 0 0 0 0 70 100
ST42 0 0 0.5 2 25 0 0 15 3 0 0 0.5 0 3 0 0 0 0 0 0 0 0 51 100
043 0 0 0 0 0 0 0 0.25 0 0 0 0 0 0 0 0 0 0 0 0 0 8 91.75 100
044 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 5 95.5 101
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Table 16: Stem count data for the broadcast seexpeties. Abbreviation&T - long-term weed management, ST
shortterm weed management; Gutside WDFI Preserv®ODVIS- Dodonaea viscos&CHEOAH Chenopodium
oahuensgSIDFAL- Sida fallax ERY SAN- Erythrina sandwicensis

PLOT ERYSAN CHEOAHDODVIS SIDFAL

LT1 1 30 16 2
LT2 0 76 3 4
LT3 0 17 1 11
LT4 0 0 8 0
LTS5 0 5 25 7
LT6 0 18 19 0
LT7 0 19 9 2
LT8 0 0 6 136
LT9 0 2 17 155
LT10 0 0 16 0
LT11 0 1 5 1
LT12 0 18 1 8
LT13 0 7 32 21
LT14 0 9 9 0
LT15 0 50 14 1
LT16 0 0 6 1
LT17 0 7 7 0
LT18 0 15 8 0
LT19 0 10 13 0
LT20 0 0 0 0
LT21 0 17 2 1
LT22 0 12 6 0
LT23 0 5 2 0
LT24 0 69 10 0
LT25 0 15 6 1
LT26 0 9 22 0
LT27 0 38 5 0
LT28 0 7 16 2
LT29 0 3 8 0
LT30 0 0 2 0
ST31 0 0 8 0
ST32 0 0 0 7
ST33 0 21 2 0
ST34 0 0 7 0
ST35 0 0 2 2
ST36 0 3 1 0
ST37 0 2 0 0
ST38 0 0 0 0
ST39 0 0 1 0
ST40 0 3 1 0
ST41 0 0 4 5
ST42 0 0 1 4
043 0 0 0 0
044 0 0 0 0
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APPENDIX |I. PHOTO POINT DATA

Longterm Weed Management Treatm@uitadratsl- 30

Figure 14: Quadrar?
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: Quadrat3

Figure 15

: Quadrat4

Figure 16
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Figure 18: Quadrats
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Figure 20: Quadrat3
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Figure 21: Quadrat9
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Figure 22: Quadrat D
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Figure 23: Quadrat 1

Figure 24: Quadrat B
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Figure 25: Quadrat 4

Figure 26: Quadrat
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Figure 27: Quadrat 6

Figure 28: Quadrat ¥
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Figure 29: Quadrat 8

Figure 30: Quadrat ®
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