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Abstract 

Dry forest ecosystems in Hawaiói once supported a rich diversity of native and endemic 

species. However, the diversity, composition, distribution, ecosystem structure, and function of 

dry forests have been significantly altered due to human impacts, invasive species, and wildfires. 

As such, there is a great need for landscape-level restoration of dry forests, and the development 

and testing of methods for reintroducing native species in altered habitats. Wildfire, in particular, 

is a significant 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, yet few studies have investigated the effectiveness of direct seeding for 

ecological restoration following wildfire in Hawaiian lowland dry forests. A broadcast seeding 

experiment was established at the WaikǾloa Dry Forest Preserve in 2018 after a 18,000 acre 

wildfire burned through a portion of the preserve (22 acres). To restore native plants to the area 

after the fire, the seeds of 10 native plants were broadcasted: ᾶaᾶaliᾶi (Dodonaea viscosa), 

óǕweoweo (Chenopodium oahuense), ᾶilima (Sida fallax), wiliwili (Erythrina sandwicensis), 

óǕwikiwiki  (Canavalia hawaiiensis), kolomona (Senna gaudichaudii), koóokoóolau (Bidens 

menziesii), mǕmane (Sophora chrysophylla), pua kala (Argemone glauca), and ᾶȊlei (Oseomeles 

anthyllidifolia). Seeds were broadcasted under both a short (three rounds of herbicide, between 

October 2018- July 2019) and long-term (bi-annual, October 2018-October 2021) weed 

management treatment and in a fenced and unfenced site. A vegetation survey was completed 

three years post-fire to determine the density, richness, and diversity of native plant species 

between treatments. Compared to the short-term treatment, which observed only 3 species, the 

long-term weed management three years post-fire contained a higher diversity of native species 

with four of the eleven seed scattered species present. The long-term removal of non-native plant 
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species allowed the native ᾶaᾶaliᾶi (Dodonaea viscosa), óǕweoweo (Chenopodium oahuense), 

ᾶilima (Sida fallax), and wiliwili (Erythrina sandwicensis) to germinate and young plants to 

establish. There were significantly more óǕweoweo and ᾶaᾶaliᾶi in the long-term weed 

management treatment compared to the short-term weed management treatment, and the density, 

richness, and diversity of native seedlings established were also higher in the long-term weed 

management treatment. The density (mean stem counts) of óǕweoweo was 6× greater (1483% 

increase) in the long-term compared to short-term treatment after 3 years. ᾶAóaliói density was 4× 

greater (989% increase) and ᾶilima density was 8× greater (1077% increase) in the long-term 

compared to short-term treatment after three years. A Multiple Response Permutation Procedure 

(MRPP) showed that species composition was significantly different (p<0.05) between the long-

term weed management treatment and short-term weed management treatment. Finally, no 

scattered seed species germinated in the presence of ungulates within the unfenced site. 

Controlling invasive plants (e.g., fountain grass (Cenchrus setaceous)) with herbicide long-term 

(three years) allowed the native seeds that were broadcasted to germinate and establish before the 

invasive grass reinvaded the area. Broadcast seeding can be an effective restoration tool in post-

fire Hawaiian lowland dry forests, but only within an ungulate-free fenced unit. Moreover, long-

term weed management is critically needed to increase the establishment of native plant species. 

 

 

 

 

 

 

 

 



v 

 

Table of Contents 

Acknowledgmentséééééééééééééééééééééééééééé....é...ii    

Abstractééééééééééééééééééééééééééééé..ééé..é...iii 

List of Tableséééééééééééééééééééééééééééééééé.vii 

List of Figuresééééééééééééééééééééééé..ééééééé.....viii 

Chapter I. Introductionéééééééééééééééééééééé.ééé.éé...1   

1.1 Overview.ééééééééééééééééééééééééééé...éééé.1 

1.2 Backgroundééééééééééééééééééééééééééééééé.1

1.2.1 Dry Forestséééééééééééééééééééééééééééé.....1 

1.2.2 Tropical and Pacific Island Dry Forestsééééééééééééééééé.....2 

         1.2.3 Tropical Dry Forests in Hawaiᾶiéééééééééééééééééé...éé.4  

1.2.4 Threats to Dry Forestsééééééééééééééééééééééé...é.5 

1.3 Study site: WaikǾloa Dry Forest Preserve, WaikǾloa Hawaiᾶiééééééééé..é...10 

1.4 Objectives of Researchéééééééééééééééééé.éééé.éé.é..10 

1.4.1 Research Questionséééééééééééééééééééééééé......11 

Chapter II. Plant Community Assessment Following Broadcast Seeding and Weed 

Removal in a Degraded Hawaiᾶi Dry Forest ééééé..é.ééééééééééé.....12 

   

 2.1 Introductionéééééééééééééééééééééééééé..éééé...12 

 

   2.2 Methodsééééééééééééééééééééééééé..éééééé...12 

         2.2.1 Site Descriptionééééééééééééééééééééé..éééé......12 

         2.2.2 Experimental Designééééééééééééééééééééé..éé......15 

         2.2.3 Data Analysis ï Vegetation Survey Dataééééééé...ééééééééé..23 

         2.2.4 Data Analysis ï Environmental Variablesééééééééééé...éééé....26  

   2.3 Resultsééééé.éééééééééééééééééééé..ééééééé28 



vi 

 

          2.3.1 Vegetation Surveyéééééééééééééééééééé..éééé.....28 

          2.3.2 Multivariate Analysis of Plant Community Dataéééééééééé..éé......37 

          2.3.3 Environmental Variables and Canonical Correspondence Analysisééé..éé....39 

   2.4 Discussionéééééééééééééééééééééééééé..éééé...42 

          2.4.1 Broadcast seeding species...éééééééééééééééé.ééé..éé.42 

          2.4.2 Natural Recruitment of koali ᾶawa, pili, and ᾶȊhaloaéééééééé..éé..é.49 

          2.4.3 Weed Managementééééééééééééééééééé.é...é...é..é51 

          2.4.4 Species Diversityéééééééééééééééé...é.éééééé........55 

          2.4.5. Multivariate Analysis of Plant Community Dataééééééééééé..éé58 

          2.4.6 Ungulateséééééééééééééééééé.ééééééééé..é.59 

          2.4.7 Lowland Dry Forest Restorationééééééééééé.ééééééé..é.60 

Chapter III. Conclusionéééééééééééééééééééé...éééééé...63  

    3.1 Conclusionééééééééééééééééééééééé..é...éééé......63 

          3.1.1 Management Implicationséééééééééééééééééééééé...64 

Appendix I Quadrat Raw Dataééééééééééééééééééé.éé..ééé72 

Appendix II Photo Point Dataéé..éééééééééééééééééé..éééé78 

Referenceséééééééééééééééééééééééééééééé..éé.100 

 

 

 

 

 

 



vii  

 

List of Tables 

Table 1: Herbicide application costs of personnel hours and herbicide required per acreééé18 

Table 2: Ten dry forest native plant species used in the broadcast seeding experimentééé...19 

Table 3: List of all plant species observed within the broadcast seeding vegetation quadratsé..29 

Table 4: Total stem count, mean, and standard deviation of each seed scattered native species 

presentééééééééééééééééééééééééééééééééé..é..31 

 

Table 5: Species richness is the number of species found within each treatmentéé.éééé35 

Table 6: Indicator species identified within the broadcast seeding site weed management 

treatmentséééééééééééééééééééééééééééééééé.......39 

 

Table 7: Native dry forest species from which seeds were collected for the broadcast seeding 

experiment éééééééééééééééééééééééééééééé.éé....66 

 

Table 8: Average weight per seed for óǕweoweo (Chenopodium oahuense), ᾶaóaliói (Dodonaea 

viscosa), and ᾶilima (Sida fallax), total seed weight, seed weight per 0.5-acre grid, total seed, 

total seeds per grid, and the average stem countéééééééééééééééééé....67 

 

Table 9: Estimated seeds broadcasted per acre and estimated stem count per acre for óǕweoweo 

(Chenopodium oahuense), ᾶaóaliói (Dodonaea viscosa), and ᾶilima (Sida fallax).éééé...é.68 

 

Table 10: Cost associated with long-term weed management in the broadcast seeding 

siteéééééééééééééééééééééééééééééééééééé..69 

 

Table 11: Quadrat Universal Transverse Mercator (UTM) location, aspect, slope, and substrate 

percent coverééééééééééééééééééééééééééééééé.é.72 

 

Table 12: Point line intercept substrate dataéééééééééééééééééééé..73 

 

Table 13: Vegetation layer data for each specieséééééééééééééééééé...74 

 

Table 14: Vegetation cover class dataéééééééééééééééééééééé...75 

 

Table 15: Vegetation actual percent coverééééééééééééééééééééé.76 

Table 16: Stem count data for the broadcast seeded specieséééééééééééééé.77 

 

 



viii  

 

List of Figures 

Figure 1: Map of the northern side of Hawaiói Island depicting the 275-acre WaikǾloa Dry Forest 

fence perimeteré...éééééééééééééééééééééééééééééé14 

 

Figure 2: Map of the WaikǾloa Dry Forest Initiative (WDFI) broadcast seeding experimenté..20 

 

Figure 3: Example images of broadcast seeding treatments three years after fire éééé.é...30 

 

Figure 4: Abundance of broadcast species.éééééééééééééé..ééééé.é.32 

 

Figure 5: The average percent cover of each broadcast seeding species within each vegetation 

layer categoryééééééééééééé...éééééééééééééééééé..34 

 

Figure 6: The average percent cover of native and non-native species within each vegetation 

layer categoryéééééééééééééééééééééééééééééééé.36 

 

Figure 7: Nonmetric multidimensional scaling (NMS) ordination of 44 quadrats within the WDFI 

experimental area...........................................................................................................................38 

 

Figure 8: The average substrate percent cover from the point line interceptéé...ééééé..40 

 

Figure 9: Canonical correspondence analysis (CCA) analysis of vegetation quadrat data and 

environmental variableséééééééééééééééééééééé..ééééé...41 

 

Figure 10: Seed scattered wiliwili (Erythrina sandwicensis) observed in the long-term weed 

management treatmentéééééééééééééééééééééééééééé...45 

 

Figure 11: óǔweoweo (Chenopodium oahuense) and óǕwikiwiki (Canavalia hawaiiensis) 

observed within the study site by WDFI stafféé..éééééééééééééééé.é46 

 

Figure 12: Aerial imagery of the broadcast seeding site depicts vegetation change after the 

wildfire disturbance and weed management and seed scatter éééééééé.ééééé.55 

 

Figure 13: Quadrat 1ééééééééééééééééééééééééééééé..78 

 

Figure 14: Quadrat 2ééééééééééééééééééééééééééééé..78 

Figure 15: Quadrat 3ééééééééééééééééééééééééééééé..79 

Figure 16: Quadrat 4ééééééééééééééééééééééééééééé..79 

Figure 17: Quadrat 5ééééééééééééééééééééééééééééé..80 

Figure 18: Quadrat 6ééééééééééééééééééééééééééééé..80 



ix 

 

Figure 19: Quadrat 7ééééééééééééééééééééééééééééé..81 

Figure 20: Quadrat 8ééééééééééééééééééééééééééééé.81 

Figure 21: Quadrat 9ééééééééééééééééééééééééééééé..82 

Figure 22: Quadrat 10ééééééééééééééééééééééééééééé82 

Figure 23: Quadrat 11ééééééééééééééééééééééééééééé83 

Figure 24: Quadrat 13ééééééééééééééééééééééééééééé83 

Figure 25: Quadrat 14ééééééééééééééééééééééééééééé84 

Figure 26: Quadrat 15ééééééééééééééééééééééééééééé84 

Figure 27: Quadrat 16ééééééééééééééééééééééééééééé85 

Figure 28: Quadrat 17ééééééééééééééééééééééééééééé85 

Figure 29: Quadrat 18ééééééééééééééééééééééééééééé86 

Figure 30: Quadrat 19ééééééééééééééééééééééééééééé86 

Figure 31: Quadrat 20ééééééééééééééééééééééééééééé87 

Figure 32: Quadrat 21ééééééééééééééééééééééééééééé87 

Figure 33: Quadrat 22ééééééééééééééééééééééééééééé88 

Figure 34: Quadrat 23ééééééééééééééééééééééééééééé88 

Figure 35: Quadrat 24ééééééééééééééééééééééééééééé89 

Figure 36: Quadrat 25ééééééééééééééééééééééééééééé89 

Figure 37: Quadrat 26ééééééééééééééééééééééééééééé90 

Figure 38: Quadrat 27ééééééééééééééééééééééééééééé90 

Figure 39: Quadrat 28ééééééééééééééééééééééééééééé91 

Figure 40: Quadrat 29ééééééééééééééééééééééééééééé91 

Figure 41: Quadrat 30ééééééééééééééééééééééééééééé92 



x 

 

Figure 42: Quadrat 31ééééééééééééééééééééééééééééé93 

Figure 43: Quadrat 32ééééééééééééééééééééééééééééé93 

Figure 44: Quadrat 33ééééééééééééééééééééééééééééé94 

Figure 45: Quadrat 34ééééééééééééééééééééééééééééé94 

Figure 46: Quadrat 35ééééééééééééééééééééééééééééé95 

Figure 47: Quadrat 36ééééééééééééééééééééééééééééé95 

Figure 48: Quadrat 37ééééééééééééééééééééééééééééé96 

Figure 49: Quadrat 38ééééééééééééééééééééééééééééé96 

Figure 50: Quadrat 39ééééééééééééééééééééééééééééé97 

Figure 51: Quadrat 40ééééééééééééééééééééééééééééé97 

Figure 52: Quadrat 41ééééééééééééééééééééééééééééé98 

Figure 53: Quadrat 42ééééééééééééééééééééééééééééé98 

Figure 54: Quadrat 43ééééééééééééééééééééééééééééé99 

Figure 55: Quadrat 44ééééééééééééééééééééééééééééé99 

 



1 

 

CHAPTER I . INTRODUCTION  

1.1    OVERVIEW  

The main objective of this thesis is to investigate the effectiveness of broadcast seeding 

(i.e., direct seeding, seed scatter) as a method for restoring a lowland dry forest after a wildfire 

disturbance at the WaikǾloa Dry Forest Preserve. I examined the effects of broadcast seeding and 

targeted weed control strategies on the success of native dry forest plant restoration three years 

post-fire. This experiment included treatments to suppress and remove non-native grasses and 

invasive plants, with long-term (three years of biannual herbicide weed management) and short-

term weed management (three rounds of herbicide treatments, October 2018- July 2019). 

Vegetation cover survey data and environmental variables hypothesized to influence plant 

community dynamics were collected from September ï October 2021 and analyzed using 

multivariate techniques. This study is important because of the critical need for information on 

effective restoration techniques in Hawaiian dry forest ecosystems, which are severely threatened 

by wildfire, drought, and invasive species. Few studies have investigated the effectiveness of 

direct seeding following wildfire disturbance in lowland dry forests in Hawaiᾶi, yet this 

technique holds great promise for scaling up restoration efforts in leeward Hawaiᾶi. 

1.2    BACKGROUND  

1.2.1 Dry Forests 

Dry forests comprise nearly half of the world's sub-tropical 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 population distribution today 

(Miles et al. 2006). Dry forests provide a wide range of ecosystem services and support 

biodiversity, as well as support the agricultural systems of millions of subsistence farmers 
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globally (Chidumayo and Gumbo 2010). Diverse groups of plants and animals that inhabit dry 

forests have evolved unique characteristics that have adapted them to the contrasting climatic 

extremes experienced by these ecosystems. 

Temperate dry forests are seasonally dry, which means periods of low rainfall and 

seasonal droughts (Bullock, Mooney, and Medina 1995). There is geographic variability in the 

forests that comprise this ecosystem. Temperate dry forests are tree-dominated systems with 

closed canopies that are deciduous in the dry season. The closed canopies suppress 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), overlooked internationally by researchers in 

favor of humid tropical forests, despite tropical dry forests' higher deforestation rates (Blackie et 

al. 2014; Miles et al. 2006). Today, dry forest ecosystems face higher human development 

pressures than humid forests (Sunderland et al. 2015). 

1.2.2 Tropical and Pacific Island Dry Forests 

1.2.2.1 Tropical Dry Forests 

Tropical dry forests cover 1,048,700 km2 (259,139, 414 acres) within five main tropical 

regions - North, Central, and South America, Africa, and Eurasia (Miles et al. 2006; Murphy and 

Lugo 1986) - spaning a climate zone that is characterized by a tropical climate, with seasonal 

rains followed by a dry period (Blackie et al. 2014). Dry forests occur in areas where annual 

precipitation is between 500ï2000 mm (20ï79 inches) 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 experience 3ï10 dry months (<50 mm 

rainfall) each year (Van Bloem et al. 2004). However, the dry season's length, rainfall 
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distribution, and amount of rainfall are highly variable. The only constant across sites is 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 forests are found across continents, 

from India, Mexico, eastern South America, northern Australia, to Africa. They are also found in 

smaller tracts in the rain-shadows of tropical islands, Central America, and western South 

America (Van Bloem et al. 2004). One unifying 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 height, total biomass, and productivity found in tropical dry forests (Bullock et al. 1995). 

1.2.2.2 Pacific Island Dry Forest 

Dry forests of the tropical Pacific region are limited to relatively large oceanic islands 

where mountains create drier rain-shadow regions. Dry forests in Fiji, New Caledonia, and 

Hawaiᾶi support many endemic species, and these forests are critically endangered with only 

remnants remaining (Gillespie et al. 2014). Endemic plant species in these island ecosystems 

have small geographic ranges (Mueller-Dombois and Fosberg 1998). Fischer and Lindenmayer 

(2007) state that the majority of remaining native dry forest fragments in the Pacific can be 

considered relicts because they have been reduced to less than 10% of their original cover, and 

most of these remaining fragments are less than 100 hectares (247 acres). Dry forests in these 

areas merit the highest conservation priority out of all ecosystem types in the Pacific, based on 

the level of endemism and the number of threatened species present (Gillespie et al. 2014, Pau et 

al. 2009). 
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1.2.3 Tropical Dry Forests in Hawaiᾶi 

In Hawaiói, owing to orographic effect produced by the high elevational extent of the 

main islands (i.e., Kauaᾶi, Maui, Oahu & Hawaiᾶi), dry forest ecosystems are represented by two 

forest subtypes: lowland dry forest and subalpine dry forest (Wagner et al. 1999). The native dry 

forest plant community has a woody overstory and an understory that can be shrubby or 

herbaceous (Wagner et al. 1999). Lowland and montane-subalpine dry forests historically had 

large geographic ranges across all the main Hawaiian Islands (Javar-Salas et al. 2020). 

Biodiversity in native dry forests is high when compared to other native ecotypes in the 

Hawaiian Islands (Cabin et al. 2000; Javar-Salas et al. 2020; Pau et al. 2009; Rock 1913), 

Hawaiian dry forests today are extremely deforested, fragmented, and degraded (Cuddihy and 

Stone 1990). As a result, the resilience of remaining dry forest fragments is further reduced (Pau 

et al. 2009). In Hawaiói, 45% of extant native dry forest plant species are at risk of 

endangerment, and 25% of the federally and state listed endangered plant taxa in Hawaiói are dry 

forest species. Moreover, due primarily to non-native 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, it is estimated that dry forests in Hawaiᾶi 

currently cover only 1,067 km2 (263,661 acres) (Javar-Salas et al. 2020), which is estimated to be 

less than 1 - 5% of the original distribution of lowland dry forests that occurred prior to human 

settlement of the Hawaiian Islands (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 disturbance (Kirch 1982). The Polynesians were the first 

humans to arrive in the Hawaiian Islands between approximately AD 1000 and 1200 (Kirch 

2011). Polynesian settlement of the Hawaiian Islands marks a turning point in the environmental 
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history of the region, where land use changed the natural environment through settlement 

patterns, agriculture, the introduction of non-native animals and plants, and resource 

consumption (Kirch 1982). Most landscape modification was concentrated in the coastal 

lowlands, with little evidence of substantial modification of higher-elevation montane 

ecosystems. European arrival in 1778 and subsequent colonization further impacted forest 

ecosystems through the introduction of non-native ungulates (e.g., cows (Bos taurus), sheep 

(Ovis aries), goats (Capra aegagrus hircus)), non-native animals (e.g., rodents), and insect pests 

(e.g., mosquitoes that carry avian malaria), and the intensification of agriculture. For example, 

large-scale commercial practices such as cattle production led to the conversion of upland native 

forests into pasturelands dominated by non-native fire-prone grasses. Native seeds are predated 

by introduced rodents; this results in a slow population decline of common native trees even in 

areas actively managed for conservation (Ticktin et al. 2023). Primary stressors to dry forests 

today include habitat destruction and modification by non-native and invasive ungulates, plants, 

pests, wildfires, drought, development, and climate change (Cabin et al. 2000; Siyum 2020).   

1.2.4 Threats to Dry Forests 

1.2.4.1 Impacts: Ungulates 

Hawaiᾶi ecosystems evolved without mammalian herbivores and are therefore vulnerable 

to damage inflicted by introduced ungulates. Grazing and browsing by domestic and feral cattle, 

pigs, sheep, and goats destroy native vegetation and can increase alien species invasions 

(Leopold and Hess 2017; Cabin et al. 2000). Ungulate impacts have resulted in the virtual 

absence of native canopy-tree regeneration within the remaining dry-forest fragments in this and 

other areas of the Hawaiian Islands (Bruegmann 1996). As a result, controlling and removing 

ungulates is often the first step for protecting, restoring, and conserving native ecosystems in 
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Hawaiᾶi (Stone et al. 1992). Considerable time and money are invested into removing and 

excluding ungulates from native forest ecosystems. However, existing data indicates that despite 

protection from ungulates, there is little recruitment of native canopy trees or shrubs (Weller et 

al. 2011; Loope and Scowcroft 1983; Stone et al. 1992) and that the planting of seedlings for 

population augmentation or reintroduction has become an important tool for ecosystem 

restoration. 

1.2.4.2 Wildfire in HawaiԀi 

"Wildfire" is the term used to describe any unwanted or unplanned fire burning in 

undeveloped land, regardless of whether it is natural or human-induced (Zouhar et al. 2008). 

Before human arrival, wildfire ignition sources in Hawaiói are 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 effects (Burney et al. 1995; Crausbay et al. 2014; 

Smith and Tunison 1992), and 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 increasing the number 

and frequency of ignitions and by introducing highly flammable plant species (Trauernicht et al. 

2015), especially non-native grasses like fountain grass (Cenchrus setaceous) and buffelgrass 

(Cenchrus ciliaris) that easily carry fire and recover rapidly after a fire (Smith and Tunison 

1992).  

The natural fire regime in Hawaiói has been altered by the rapid spread of introduced 

grasses that comprise 10-25% of the island's land area (Trauernicht et al. 2015). The frequency 

and severity of wildfires have increased over time as well (Brooks et al. 2004; Smith and 

Tunison 1992), leading to the decline and degradation of remaining tropical dry forest fragments 
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(Elliott  Parsons, personal communication). Today, nine out of ten wildfires are estimated to be 

human-caused in Hawaiói (Trauernicht et al. 2015). Warming air and changing rainfall patterns 

from climate change are expected to increase wildfire risk to both natural and human 

communities (TETRA TECH 2018, Section 4 risk assessment; UH News 2018; Trauernicht 

2022). Heavier rain increases grass growth and makes more fuel which, when followed by 

intense droughts, increases the likelihood and intensity of fires (TETRA TECH 2018, Section 4 

risk assessment; Trauernicht et al. 2015). 

In Hawaiói, a single grass-fueled fire can kill most native trees and shrubs in the 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 more rapid than in forests or 

woodlands (Brooks et al. 2004; DôAntonio and Vitousek 1992). Conditions that favor fires are 

much more frequent in grasslands. Non-native invasions can set in motion a grass/fire cycle 

where alien grasses colonize an area and provide the fine fuel for the ignition and propagation of 

fire (Mack and DôAntonio 1998; DôAntonio and Vitousek 1992). Following grass-fueled fires, 

alien grasses recover more rapidly than native species and can further increase plant community 

susceptibility to fire (DôAntonio and Vitousek 1992). Overall, ungulates and grass invasions set 

in motion a positive feedback cycle that leads from a nonflammable, mostly native-dominated 

woodland to a highly flammable, low diversity, alien-dominated grassland (Leopold and Hess 

2017; Mack and DôAntonio 1998; DôAntonio and Vitousek 1992). Post-fire rehabilitation is 

critical to maintaining native species and community structure under novel climatic conditions. 

1.2.4.3 Ecological 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 
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landscapes (Palmer, Zedler, and Falk 2006; Gann et al. 2019). Ecological restoration plays a 

central role in maintaining biodiversity and re-establishing essential ecosystem functions and 

services (Funk et al. 2008; TEEB 2010). Ecological restoration is a critical tool for preserving 

degraded tropical dry forests in Hawaiói that are currently under the pressure of fire and invasive 

species. Recovery success of native plants from fire is difficult to evaluate in Hawaiian 

ecosystems because it is strongly influenced by competition from alien vegetation (Smith and 

Tunison 1992).  

Restoration techniques seek to accelerate the recovery of ecosystems, since natural 

recovery in some original ecosystems (e.g., tropical dry forests), can be arrested or slow, taking 

up to 500 years for full  recovery (Kartawinata 1994; Guariguata and Ostertag 2001; Smith 2016). 

Considerable money, time, and resources have been spent globally on restoring degraded lands 

by using two main reintroduction/augmentation techniques: 1) direct seeding and 2) the planting 

of seedlings (Florentine and Westbrooke 2004). Direct seed broadcasting is a plant restoration 

technique whereby seed is sown directly onto the ground with the goal of reestablishing plant 

populations. Reintroduction approaches that involve techniques such as planting or direct 

seeding are often desirable to accelerate recovery where lands are so degraded that natural 

vegetation cover cannot recover unaided (Benayas 2005). Broadcast seeding, if a viable strategy 

for large-scale restoration in tropical dry forests, could have several advantages over outplanting. 

Disturbed habitats with depleted native seed banks could be revegetated quickly and cheaply, as 

seeds cost less than seedlings, and seeds are easier and cheaper to transport and store than 

seedlings. Broadcast seeding requires less time and labor when compared to planting seedlings, 

and a mixture of trees, shrubs, and ground cover can be sown simultaneously.  
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An alternative approach is the planting of seedlings raised in nurseries, but this approach 

is expensive and takes much more time. Other issues associated with nursery grown seedlings 

include: the potential mismatch between the microclimate seedlings are grown in compared to 

where they are outplanted; plants may be planted incorrectly; seedlings may not be planted at the 

ideal time and could be rootbound; potting mix could introduce non-native pests, pathogens, and 

weeds to the area planted; in addition plants 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 more useful when managers are 

faced with restoring vegetation in extreme climates, particularly in tropical ecosystems and sites 

with depleted native seed banks (McDaniel et al. 2011; Palma and Laurance 2015). Broadcast 

seeding is more economically viable, but some disadvantages include poor germination, ungulate 

impacts, and severe weed competition leading to high mortality of seedlings (Evans 1982). This 

research seeks to better understand how weed control efforts and non-native ungulates influence 

the success of post-fire seed broadcasting. Weed control may increase the success of native 

species and ungulates impacts may reduce the effectiveness. 

Given the large-scale degradation of tropical dry forests in Hawaiᾶi due to wildfire and 

other stressors, restoration approaches that can be applied at large scales are needed to maintain 

biodiversity, especially as climate change is expected to exacerbate the impacts of wildfire, 

drought, and invasive species (Finch et al. 2021; Frazier et al. 2022; Trauernicht 2022). 

Broadcast seeding may be a critical restoration tool for restoring large areas of degraded or 

destroyed tropical dry forests, yet information on the effectiveness of this method is largely 

lacking. 
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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 Hawaiói Island (Jensen 2021), almost 1.9% of 

the entire island. This fire and other recent large fires demonstrate the need for additional tools 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 et al. (2017) indicated that fire 

risk is lowest in forested landscapes, medium risk in shrublands, and highest in grasslands. The 

restoration of exotic grasslands to forested ecosystems, therefore, may reduce future fire risk and 

could be an important strategy for protecting both human communities and ecosystems in the 

future.  

1.3 STUDY SITE: WAIK ǽLOA DRY FOREST PRESERVE, WAIK ǽLOA HAWAI óI  

WaikǾloa is an ahupuaóa (land division) located on the west side of the island of Hawaiói, 

situated between the ahupuaóa of LǕlǕmilo and Puóuanahulu. The leeward location of WaikǾloa 

makes it one of the driest places in Hawaiói (Giambelluca et al. 2013). WaikǾloa was once a 

diverse native lowland forest (Cuddihy and Stone 1990; Faucette 2010; Rock 1913). Today, the 

remaining forest of WaikǾloa represents a good example of a wiliwili (Erythrina sandwicensis) 

dominated lowland dry forest with occasional mature trees scattered across the landscape that are 

surrounded mostly by non-native grasses. The WaikǾloa Dry Forest Initiative (WDFI), an 

organization dedicated to dry forest restoration in the area is working hard through community 

engagement, restoration, and ecological research to reestablish the native plant community that 

once dominated the ahupuaóa of WaikǾloa. 

1.4    OBJECTIVES OF RESEARCH 

My primary goals in this thesis are to 1) compare the effectiveness of broadcast seeding 

combined with weed control on the regeneration, density, richness, and diversity of native 
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species and 2) understand the effects of non-native ungulates on native broadcast seeding 

success. My study site is located at a revegetation trial within the WaikǾloa Dry Forest preserve.  

1.4.1 Research Questions 

My specific objectives and questions are as follows: 

1. Is broadcast seeding a successful restoration tool to establish native Hawaiian lowland 

dry forest plant species following a wildfire disturbance? The establishment of native 

species is considered ósuccessfulô for the purpose of this research.  

2. Does long-term weed management lead to more successful restoration outcomes using 

the broadcast seeding method in post-burn dry forest environments? 

3. What are the effects of non-native ungulates on native broadcast seeding as a method for 

post-fire restoration of dry forest environments?  
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CHAPTER II.  PLANT COMMUNITY ASSESSMENT FOLLOWING BROADCAST 

SEEDING AND WEED REMOVAL IN A  DEGRADED HAWAIᾶI DRY FOREST 

2.1 INTRODUCTION  

Following a wildfire disturbance in the lowland dry forest of WaikǾloa in August 2018, 

an experimental revegetation trial was designed and implemented by the WaikǾloa Dry Forest 

Initiative (WDFI) to inform managers on the effectiveness of broadcast seeding as an approach 

to lowland dry forest restoration. The experiment included weed control treatments to suppress 

and remove non-native grasses and herbaceous species post-fire followed by broadcast seeding 

of native plant species and then follow-up weed control. The experimental treatments included 

seed broadcasting followed by long-term and short-term weed management, and seed 

broadcasting in an ungulate-free fenced enclosure and an unfenced site with ungulate access. In 

this thesis, I compare the plant community outcomes of long-term and short-term weed control 

efforts and the effects of ungulate browsing pressure on broadcast seeding success.  

2.2 METHODS 

2.2.1 Site Description 

The WaikǾloa Dry Forest Initiative (WDFI) is a non-profit organization that manages a 

275-acre preserve that protects remnant lowland dry forest on leeward Hawaiói Island (see Figure 

1). This lowland dry forest receives 228-334 mm (8-13 inches) of rain annually (Giambelluca et 

al. 2013). The substrate is composed of several lava flows that are ~20,000-year-old rough óaóǕ 

with more developed soil that originated from Mauna Kea, and other parts of the preserve are on 

a younger ~2,250-year-old pǕhoehoe flow that originated from Mauna Loa, the pǕhoehoe 

bedrock is covered in places by a thin layer of soil material (Sherrod et al. 2021). The study area 

is located on the younger pǕhoehoe substrate. A perimeter ungulate-exclusion fence (6ft tall hog 
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wire) was installed in 2011 and all ungulates (feral goats) were removed, and the unit is managed 

as an ungulate-free area. The dry forest preserve fence protects some of the remaining native dry 

forest tree species in the region, including wiliwili (Erythrina sandwicensis; species 

nomenclature in this study follows Wagner et al. (1999)) and the state and federally endangered 

uhiuhi (Mezoneuron kavaiense), of which less than 50 known wild individuals remain on 

Hawaiᾶi Island, placing this species on the stateôs list of most critically imperiled native species 

managed by the Hawaiói Plant Extinction Prevention Program (PEPP). However, the understory 

at WDFI is largely dominated by non-native and invasive grasses and these areas are being 

reforested with native plants that once were more commonly found in WaikǾloa with the help of 

preserve staff and community volunteers. 

In August 2018, a portion of the WDFI preserve was impacted by a large wildfire that 

threatened the community of WaikǾloa Village and burned within the surrounding rangelands. 

The total burned area for the greater WaikǾloa region was 7,284 hectares (18,000 acres), and 

approximately eight hectares (22 acres) of non-native grassland burned within the WDFI fenced 

preserve (Figure 1). The fire was initially contained and kept from burning the entire WDFI 

preserve by bulldozer operators cutting fuel breaks down to mineral soil/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 break system and began burning within the preserve. The 22 acres 

that burned consisted predominantly of non-native fountain grass (Cenchrus setaceous), 

buffelgrass (Cenchrus ciliaris), and very sparse indigenous shrub óȊhaloa (Waltheria indica).  
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Figure 1. Map of the northern side of Hawaiói Island, depicting the 275-acre WaikǾloa Dry Forest fence perimeter, 

WDFI broadcast seeding site, the August 2018 fire perimeter in orange, and vegetation types. Sources:  WDFI fence 

and broadcast seeding site- from WDFI; vegetation types- USGS Carbon Assessment Hawaiᾶi project; fire 

perimeter- 2019 1999 Hawaiói Fire Perimeters shapefile ï from Clay Trauernicht, Hawaiᾶi Landsat Imagery with 

Bathymetric Fill layer, coastline layer- State of Hawaiᾶi Office of Planning and Sustainable Development. 
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Following the wildfire in October 2018, WDFI staff began gathering seeds for a 

broadcast seeding experiment and conducted weed management of non-native grass re-growth in 

the 22-acre burned area two months after the fire using herbicides. This site was unmanaged by 

the WDFI before the fire due to difficulties accessing the remote area, challenges of planting in 

the pǕhoehoe substrate, and the lack of native plants in the area. The broadcast seeding 

experiment is set across an elevation gradient of 305-332 meters (1,000 feet to 1,090 feet). After 

the initial weed management and seed scatter, the site was monitored for native species 

recruitment, and a large section still receives weed management (long-term weed management). 

It is unknown if broadcast seeding in lowland dry forests will lead to the recovery of native plant 

populations, and to what extent long-term weed management is necessary for plant recovery.  

2.2.2 Experimental Design 

2.2.2.1 Weed Management 

Within one month after the 2018 wildfire, non-native grasses (mainly fountain grass 

(Cenchrus setaceous)), began resprouting within the 22-acre burned area. This is commonly seen 

after wildfires in leeward Hawaiᾶi as fountain grass (Cenchrus setaceous) does not typically die 

during grassland fires; while the above-ground biomass is often completely removed by fire, the 

roots are protected by the soil and burned grasses typically re-sprout following rain within a few 

months post-fire (Elliott Parsons, personal communication). With the collaboration of WDFI and 

Hawaiᾶi Division of Forestry and Wildlife NǕpuᾶu Conservation Project field crew (supported by 

a USDA Forest Service Fire & Aviation Management Grant 1), the invasive grass re-growth 

within the preserve was backpack sprayed with a water-based 1.5% solution containing Roundup 

 
1 FY17 USFS STATE FIRE ASSISTANCE PROGRAM 
COMPETITIVE GRANT # 17-DG-11052012-121 to State of Hawaiᾶi DLNR DOFAW 
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PowerMAX (BAYER AG) glyphosate-based herbicide. Brandt Bigfoot (Blue Dye) was used in 

all herbicide applications to mark sprayed locations, at a rate between 0.4% and 0.8%.  

Initial treatment of herbicide application began in September 2018 (one month after the 

wildfire) with a 1.5% solution which proved insufficient to kill the grass. The initial treatment 

was followed up with another herbicide treatment of a 2% solution of Roundup in October 2018, 

and herbicide was applied at this higher rate thereafter. Weed 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 acres because WDFI possessed limited staff 

capacity and to determine the effects of short versus long-term active weed management on 

restoration success. It is important to note that this broadcast seeding experiment does not have a 

proper control treatment (i.e., a location where the wildfire burned, and no weed management or 

broadcast seeding was implemented). WDFI observed the rapid regrowth of invasive grasses 

after wildfire both within and outside of the fenced area at the preserve, as well as other burned 

dry forest sites. and it was assumed that a proper control (i.e., a burned but no herbicide 

treatment) would result in the rapid dominance of these invasive grasses followed by competitive 

exclusion of any native plant species that germinated. 

The 22 acres of the preserve were split into three treatments:  

1.    Long-term weed management, 11 acres (ongoing biannual herbicide treatments from 

October 2018 to October 2021 (October- December 2021 thesis vegetation survey)). Treatment 

was effective and killed the majority of weeds across all 11 acres.  

2.    Short-term weed management (9 months), across 11 acres (October 2018-July 2019) 

Treatment was effective, killing the majority of weeds across all 11 acres. 
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3.    Short-term weed management (9 months), across a 0.25-acre grid outside the WDFI fence in 

the presence of ungulates (three rounds of herbicide, October 2018-July 2019). Treatment was 

effective, and killed the majority of weeds across the 0.25-acre grid.  

The WDFI used two weed management strategies: the initial knock-down of grasses 

resprouting after the fire and targeted spraying of new weeds colonizing the area post-initial 

herbicide treatment. Backpack spraying of herbicide was done by targeting all non-native species 

(herbaceous, woody, and grasses) in the initial knockdown. Follow-up sprays for both short-term 

and long-term weed management focused on target species. Target perennial weed species and 

grasses during secondary herbicide applications included fountain grass (Cenchrus setaceous), 

buffelgrass (Cenchrus ciliaris), indigo (Indigofera suffruticosa), tree tobacco (Nicotiana glauca), 

sourbush (Pluchea carolinensis), golden crownbeard (Verbesina encelioides) and fireweed 

(Senecio madagascariensis).  

Initial post-fire treatment of 22.25 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-up target herbicide applications took 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 51.5 fl oz. of 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 

reveal the high initial cost of the herbicide application, but also demonstrate decreasing costs 

over time due to the decreases in staff time and amount of herbicide required.  

 

 



18 

 

Table 1: Herbicide application costs of personnel hours and herbicide required per acre. The herbicide applied per 

acre is within the recommendations for this herbicide on perennial grasses.  
 

 

 

 

 

 

 

2.2.2.2 Seed Collection and Scattering 

Seeds for the broadcast seeding experiment were collected from a variety of native 

Hawaiian plant sources, primarily from existing restoration areas within the WDFI preserve. 

Additional seeds were donated from partner organizations via the Hawaiói Island Seed Bank. 

WDFI held several volunteer 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 

of ᾶaóaliói (Dodonaea viscosa), óǕweoweo (Chenopodium oahuense), óilima (Sida fallax), and 

koóokoóolau (Bidens menziesii). Other seeds listed below were already cleaned and in storage or 

donated by partner organizations (e.g., Hawaiᾶi Island Seed Bank, and members of the Dry 

Forest Hui óOhana). A total of ten species were scattered across the 22 acres in this experiment 

(table 2). 

 

 

 

 

 

 

 

Herbicide Application 

Treatment 

Personnel 

Hours/Acre 

Herbicide per 

acre (fl. oz.) 

Initial treatment 10.9 63.6 

Secondary treatment 3.9 46.4 

Third treatment 5.4 51.5 

Fourth treatment 4.8 47.1 

Fifth treatment 7.0 23.2 
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Table 2: Ten dry forest native plant species used in the broadcast seeding experiment. For Dodonaea viscosa, 

without casing- means that the seed was removed from the papery casing, and with casing- means seeds were not 

removed from the casing. 

 

2.2.2.3 Seed Dispersal Methods 

The 22-acre burn area was divided into forty-three 0.5-acre square grids in order to help 

organize broadcast seeding and standardize seed amount by area (Figure 2). The seeds listed 

above were evenly distributed into Ziplock bags, one bag for each 0.5-acre grid. WDFI personnel 

were instructed to walk a minimum of three transects through each grid, tossing seeds evenly 

side to side from breast height. An additional 0.25-acre grid was created outside of the fence to 

show the effects of broadcast seeding in the presence of ungulates. The same seed scattering 

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

Scientific Name Common or 

Hawaiian 

Name 

Growth  

form 

Species  

code 

Total  

weight 

(g)  

Weight 

per grid 

(g) 

Dodonaea viscosa (without casing)  ᾶAóaliói Shrub DODVIS 1417 33 

Dodonaea viscosa (with casing) ᾶAóaliói Shrub DODVIS 14,450 340 

Chenopodium oahuense  óǔweoweo Shrub CHEOAH 2807 66 

Canavalia hawaiiensis óǔwikiwiki Vine CANHAW 3884 91 

Sida fallax  óIlima Shrub SIDFAL 210 4 

Senna gaudichaudii Kolomona Shrub SENGAU 887 20 

Bidens menziesii Koóokoóolau Shrub BIDMEN 28 0.5 

Sophora chrysophylla MǕmane Tree SOPCHR 510 12 

Argemone glauca Pua Kala Perennial herb ARGGLA 164 3 

Oseomeles anthyllidifolia ᾶȉlei Shrub OSTANT 187 4 

Erythrina sandwicensis Wiliwili  Tree ERYSAN 638 15 

      

   Grand 

Total 

weight (g) 

25,182 588.5 
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Figure 2: Map of the WaikǾloa Dry Forest Initiative (WDFI) broadcast seeding experiment. The red area outlines 

the 8 hectares (22 acres) that burned within the WDFI preserve. Green lines depict the gridded 0.5-acre experimental 

broadcast seeding plots. The numbers represent the grid/plot and treatment. Long-term weed management grid #1- 

#30. Short-term weed management grid #31- #42. Grid #43 is the 0.25-acre grid outside of the fence designated to 

understand the effects of broadcast seeding in the presence of ungulates (Figure created by the WDFI).  

 

2.2.2.4 Vegetation Surveys Within Quadrats 

To assess the impact of restoration methods, I conducted a single vegetation survey from 

October to December in 2021 (three years after the fire disturbance and two years after short-

term weed control was terminated). Within the 10m × 10m vegetation quadrats I measured the 

differences between the weed management treatments in the density, richness, and diversity of 

all plants, both native and non-native species. To quantify weed management treatments and 

environmental variables on the effectiveness of seed scatter, I used the square grids to place 

vegetation quadrats in a restricted-random design throughout the broadcast seeding site. This 

survey method was used to assess plant community structure, quantify, and compare the number 

of mature seed scattered individuals and the percent cover of dominant shrubs and ground cover 

species. Though they were not used for quantitative analysis, I captured photos of each quadrat 
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(taken from the westernmost corner of the quadrat facing east) to document differences in overall 

vegetation (Appendix II). 

2.2.2.5 Quadrat Data Collection 

Within each treatment, I used ArcMap (Esri) and the Create Random Points tool to 

generate one random location within each broadcast seeding grid. Forty-four points were 

randomly distributed using a restricted-random design throughout the broadcast seeding grid. 

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 unit (Garmin, accuracy is 

within 2 feet), a 10 × 10-meter quadrat was laid out facing the magnetic 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. These forty-four quadrats were temporarily marked 

with flagging tape during data collection. Thirty quadrats were surveyed in the long-term 

treatment (within grid #1- #30), 12 quadrats in the short-term treatment (within grid #31- grid 

#42), and two quadrats outside the WDFI fence (within grid #43). 

2.2.2.6 Vegetation Data  

All plants present within each quadrat were identified to species (Wagner, Herbst, and 

Sohmer 1999). Plant abundance is a count of the number of individuals of a species within a 

quadrat (stem count); this stem count was conducted for each of the seed scattered species 

present within the sampling quadrats. This method is time-consuming and therefore was only 

done for seed scattered native species due to the large number of non-native plants present. In 

addition to native stem counts, percent cover was estimated visually for all species present within 

the 100 m2 quadrat. The cover was quantified with ocular estimation and represents the area 
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within a quadrat occupied by the above-ground parts of each species when viewed from above 

(Kent and Coker 1992).  

In addition to the percent cover estimates for each species, the Braun-Blanquet survey 

method was used to assess vegetation cover. The Braun-Blanquet method is a rapid visual 

assessment technique for vegetation classification. The vegetation was split into three layered 

categories for simplicity in estimating individual species cover. Within each layer category, I 

estimated each species' cover using the percentage of space they occupy within the quadrat. The 

layered categories include small tree, 3-5 meters tall; shrub layer, 1-3 meters tall; and ground 

cover species, less than 1 meter tall. Species that occurred in two separate layered categories 

were counted only once in the layer that they predominantly covered. All species present within 

each vegetation layer were listed as a percentage range, represented as follows: <1, 1-5, 5-10, 10-

25, 25-50, 50-75, 75-95, 95-100 (Mueller-Dombois and Ellenberg 1974).  

2.2.2.7 Environmental Data  

In each quadrat, I measured three abiotic variables that can have an important influence 

on plant community composition and structure: slope, aspect, and substrate. The slope was 

measured from the center of each quadrat using a clinometer; two measurements were recorded 

(one upslope and one downslope), and an average value was calculated. The aspect was 

measured from the center of the quadrat, the downhill direction was measured to the nearest 

degree with a declination corrected magnetic compass (+9.48°).  

Using the line-intercept method, a single 10m-length of tape was laid out on the southern 

side of each quadrat, and the substrate intercepting the line below each meter was recorded. I 

observed and categorized three substrate cover types: soil, bare rock, and leaf litter. Percent 
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cover data was measured with this method by what type of substrate intercepts each one-meter 

mark; a total of ten data intercept points were taken for each quadrat.  

2.2.3 Data Analysis - Vegetation Survey Data 

2.2.3.1 Stem Count Data 

           The total count, mean or average stem count, and standard deviation for each seed 

scattered species was determined for each weed management treatment. The seed scattered stem 

count data were determined to be non-normally distributed via graphing as a Histogram, Interval 

Test, and Box plot analysis (Minitab Statistical Software Version 21.1.0). I proceeded with a 

nonparametric test owing to this lack of normality because nonparametric tests are more suitable 

for non-normal data sets. I used a Kruskal-Wallis Test to determine if there was a significant 

difference in the number of stems between weed management treatments (long-term and short-

term). It is important to note that the sample sizes for comparison of each treatment was unequal; 

long-term weed management had 30 quadrats, short-term weed management had 12 quadrats, 

and the ungulate-access area (outside the WDFI fence) had two quadrats. For this experiment, to 

determine the dominant species, the total individual 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.  

2.2.3.2 Species Diversity 

Species richness is the number of species found in a particular environment. The Ŭ-

diversity is the mean species diversity in a site at a local scale. The Shannon diversity index (H), 

a diversity measure that incorporates both species richness and abundance, came from 

information theory and measures the order (or disorder) observed within a particular system 

(Glover and 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 data was used to calculate the species richness index for seed scattered native 

species between treatments. The Shannon diversity index (H) was selected to characterize the 

native species richness between treatments. This index was calculated through the equation:  

H=ī×[(pi)×log(pi)] 

Where H is the Shannon diversity index representing an Ŭ-diversity level of a plant 

community, pi is 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 ñevennessò refers to how similar the abundances of different species are in 

the community. This value ranges from 0 to 1, where 1 indicates complete evenness. The index 

is calculated as EH = H / ln(S).  

Gamma diversity is the total species diversity in a landscape. Gamma diversity in this 

experiment is all the species recorded within the vegetation survey quadrats. To determine the 

diversity of native and non-native species between treatments, a presence and absence data set of 

each species was constructed for each quadrat and corresponding weed management treatment. 

The number of presences and absences was totaled for each species in each treatment and used in 

the analysis. This presence/absence data was used to calculate a second Shannon diversity index 

(H) which was then used to characterize the gamma diversity level of the plant community. 

Quadrats outside the WDFI fence did not have enough replication for diversity index 

calculations. 

2.2.3.3 Multivariate Analysis of Plant Community Data 
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Non-metric multidimensional scaling (NMS) is an ordination tool that simulates and 

iteratively refines ordination scores for a calculated distance matrix and works well with non-

normal data (Peck 2016). NMS was used to assess the similarities and dissimilarities in the 

vegetation percent cover of management treatments using PC-ORDÊ v.7.  

I tested for significant differences between long-term and short-term weed management 

communities with a multi-response permutation procedure (MRPP). MRPP is a nonparametric 

method for testing multivariate differences among predefined groups. The MRPP used percent 

cover vegetation data. I used a Sørensen distance measure and a weighting option for each item 

in the group.  

A Canonical correspondence analysis (CCA) is a multivariate ordination to arrange 

species across environmental variables. CCA constructs linear combinations of environmental 

variables, along which species distributions are maximally separated. 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 detect species-environment relationships and the response of species 

to environmental variables (Ter Braak 1987). For this analysis, species vegetation percent cover 

data was used together with four environmental variables; aspect, average slope, percent rock 

cover, and percent leaf cover, which were then estimated within quadrats. 

2.2.3.4 Indicator Species Analysis 

Indicator species analysis (ISA) was used to identify the taxa that were significant 

indicators in the two weed management 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 presence), to yield an 
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indicator value that ranges from zero (no indication) to 100 (perfect indication), it is tested with 

1000 Monte Carlo randomizations (Dufrêne and Legendre 1997).  

The vegetation percent cover data was subjected to the ISA based on indicator values. I 

identified the taxa that were correlated with a particular weed management treatment type with 

the ISA based on Dufr°ne and Legendreôs (1997) method. A significant indicator value indicates 

an indicator species, i.e., a species significantly associated with a given treatment group or 

environmental condition. Groups were defined by treatment values (weed management), and the 

input data had 42 plots by 21 species. The indicator values were calculated and tested with PC-

ORDÊ v.7. statistical software. 

2.2.4 Data Analysis - Environmental Variables 

2.2.4.1 Vegetation Layers, Ground Cover, and Slope  

The broadcast seeding restoration quadrats were split into three layered categories to 

represent vegetation's height, structure, and growth form between treatments. These layered 

categories include small tree, 3-5 meters tall; shrub layer, 1-3 meters tall; and ground cover 

species, less than 1 meter tall. To analyze the Braun-Blanquet vegetation cover data, I averaged 

the percent cover of each species found within each vegetation layer for each treatment. I then 

evaluated the composition and structure of different layers and compared these among 

treatments. I primarily focused on the groundcover and shrub layer between zero to three meters 

to understand differences in species composition and abundance. This analysis should 

corroborate the vegetation composition estimates such that sites with long-term weed 

management have higher native species diversity and percent cover. 

The percent cover of bare ground within each 100 m2 quadrat was estimated during the 

vegetation survey. The cover of rock, soil, and leaf litter was quantified using a line-point 
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intercept to determine variation in substrate across the broadcast seeding experiment. At the 1-

meter mark on the north side of each 100 m2 quadrat, a transect was used to measure substrate at 

each meter mark (1-10 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 each substrate 

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 specific distance. The slope was measured within the center of each 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 or cardinal direction (measured with a compass) of 

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 differences in the aspect between treatments.  

The slope and aspect data were determined to not be normally distributed (Histogram, 

Interval Test, and Box plot analysis; Minitab Statistical Software Version 21.1.0). I used a 

nonparametric test because slope and aspect data distributions failed the normality test and 

nonparametric tests are more suitable for non-normal data sets. I used a Kruskal-Wallis Test to 

determine if there was a significant difference between slope and aspect with the two weed 

management treatments (long-term and short-term). 
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2.3 RESULTS  

2.3.1 Vegetation Survey  

Twenty-two plant species were detected across the surveyed broadcast seeding sites 

(Table 3). Out of the 22 species, eight species or 36% were native (endemic/indigenous species). 

Twenty-one species were present within the WDFI fence, and of the 22 species detected, only 

two species were recorded in quadrats outside the fence (Nicotiana glauca and Cenchrus  

setaceus). Four of the ten seed scattered native species were observed in the vegetation quadrats:  

 ᾶaóaliói, óǕweoweo, óilima, and wiliwili . However, it should be noted that óǕwikiwiki (Canavalia 

hawaiiensis), kolomona (Senna gaudichaudii), pua kala (Argemone glauca) and koóokoóolau 

(Bidens menziesii) did not fall into any quadrats but were observed within the general study area 

by WDFI staff. According to WDFI Preserve Manager Robert Yagi, óǕwikiwiki  was abundant in 

the first couple of years post-fire, but has since declined. A handful of óǕwikiwiki were observed 

in years 2 and 3 post seed scatter, and several plants (<10 individuals) survived to reproductive 

stage and produced seeds. Koóokoóolau was also abundant during the first couple of years and 

made it to a third generation post seed scattering. Koóokoóolau hasn't been observed recently, 

however, possibly due to drought (Robert Yagi, personal communication). 
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Table 3: List of all plant species observed within the broadcast seeding vegetation quadrats: asterisk symbol * 

indicates a seed scattered species, scientific name, common name, growth form, species codes, and distribution 

status. 

 

 

 

 

 

Scientific Name Common or 

Hawaiian Name 

Growth form  Species 

Code 

Distribution  

Status 

*Dodonaea viscosa Jacq.  ᾶAóaliói Shrub DODVIS Indigenous 

*Chenopodium oahuense (Meyen) Aellen óǔweoweo Shrub CHEOAH Endemic 

*Sida fallax Walp. óIlima Shrub SIDFAL Indigenous 

*Erythrina sandwicensis Degener Wiliwili  Tree ERYSAN Endemic 

Heteropogon contortus 

 (L.) P. Beauv. ex Roem. & Schult. 

Pili Grass HETCON Indigenous 

Waltheria indica L. óȉhaloa Shrub WALIND  Indigenous 

Ipomoea indica (J. Burm.) Merr. Koali ᾶawa Perennial vine IPOIND Indigenous 

Neprolehpsis exalata (L.) Schott ᾶǽkupkupu fern Fern NEPEXA Endemic 

Cenchrus setaceous (Forssk.) Morrone Fountain grass Grass CENSET Introduced 

Tridax Procumbens L. Coat buttons Herbaceous TRIPRO Introduced 

Pluchea carolinensis (Jacq.) G. Don  Sourbush Shrub PLUCAR Introduced 

Chamaesyce hirta L. Millsp. Red euphorbia Herbaceous CHAHIR Introduced 

Cenchrus ciliaris L. Buffel grass Grass CENCIL Introduced 

Indigofera suffruticosa Mill.  óInikǾ Shrub INDSUF Introduced 

Melinis repens (Willd.) Zizka RedTop grass Grass MELREP Introduced 

Vulpia bromoides (L.) S. F. Gray Squirrel-tail 

fescue 

Grass VULBRO Introduced 

Conzya bonariensis ( L.) Cronquist) Flax-leaf 

fleabane 

Herbaceous CONBON Introduced 

Nicotiana glauca R. C. Graham Tree tobacco Shrub/Tree NICGLA Introduced 

Senecio madagascariensis Poir. Fireweed Herbaceous SENMAD Introduced 

Momordica charantia L. Bitter melon  Herbaceous vine MOMCHA Introduced 

Chamaecrista nictitans (L.) Moench Partridge pea Herbaceous CHANIC Introduced 

Portulaca Pilosa L. Portulaca Succulent PORPIL Introduced 
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2.3.1.1 Photo Point Data 

Photographs taken of the long-term and short-term weed management areas, and outside 

the ungulate-proof fence show the composition of vegetation cover (Figure 3). For long-term 

weed management, WDFI grid #9 showed a high native cover, low fountain grass cover, and 

high bare ground percent cover (Figure 3). Analysis revealed that 21% of the 100 m2 quadrat was 

covered in native species, and 155 óilima seedlings/stems were detected. For short-term weed 

management, WDFI grid #32 shows some native plant germination. However, fountain grass has 

also become established since weed control efforts ceased, reducing bare open ground. The 

quadrat survey in this grid had 70% fountain grass cover, and only seven óilima seedlings/stems 

were detected. For the impacts of non-native ungulates on broadcast seeding in WDFI grid #43 

(Figure 3), ungulate grazing kept fountain grass from growing, promoted high bare ground 

coverage, and led to these areas being dominated by non-native tree tobacco. The broadcast 

seeding treatment in this grid outside of the WDFI fence in the presence of ungulates did not 

have any native plant species recruitment. 

A B C  

Figure 3: Example images of broadcast seeding treatments three years after fire: A. Long-term weed management  

treatment grid #9 with 21% of the 100 m2 quadrat covered in native species, 155 óilima seedlings detected. B. Short- 

term weed management grid #32 with over 70% fountain grass cover, seven óilima seedlings detected. C. The  

broadcast seeding treatment grid #44 surveyed outside of the WDFI fence in the presence of ungulates did not have  

any native species recruitment. Ungulates have browsed all plant re-growth, high bare ground cover with only two  

species observed fountain grass and tree tobacco. See Figure 2 above which depicts the location of grids. Higher  

resolution images are provided in Appendix II. 
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2.3.1.2 Broadcast Seeding Species 

The abundance of four native seed scattered species that were present in the quadrat 

surveys, óǕweoweo, ᾶaóaliói, ᾶilima, and wiliwili, was highly variable across the management 

treatments (Table 4). Stem count data of the species óǕweoweo (p<0.05) and ᾶaóaliói (p<0.05) 

were significantly different between the two treatments (Kruskal Wallis Test). ᾶIlima (p = 0.46) 

stem counts were not significantly different between treatments. 

The quadrat mean stem count of óǕweoweo was 6× greater (1483% increase) in the long-

term weed management treatment compared to short-term. The quadrat mean stem count of 

ᾶaóaliói was 4× greater (989% increase) in long-term weed management treatment compared to 

short-term. The quadrat mean stem count of ᾶilima was 8× greater (1077% increase) in long-term 

weed management treatment, but this difference was not statistically significant owing 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 short-term weed management treatment quadrats (n=12). Kruskal-Wallis Test indicated statistically 

different means between management treatments (P<0.05) are shown by different letters. 

 

2.3.1.3 Broadcast Seeding Species Success 

The abundance of broadcast seeded species was determined by the stem counts (data 

found in Table 4). The long-term weed management and broadcast seeding treatment contained 

the highest diversity of native seedings, with four native seed scattered species present: ᾶilima, 

óǕweoweo, ᾶaóaliói, and wiliwili. Kolomona and óǕwikiwiki were observed in the area but did not 

Species Long-term treatment  Short-term treatment 

Scientific Name Hawaiian 

Name 

Total stems 

(n) 

Mean ± S.D. Total 

stems (n) 

Mean ± S.D. 

Chenopodium oahuense óǔweoweo   459 15.3 ± 19.5a 29 2.4 ± 6.0b 

Dodonaea viscosa ᾶAóaliói 294 9.8 ± 7.8 a 27 2.3 ± 2.7b 

Erythrina sandwicensis Wiliwili  1 1 ± 0.2 0 0 

Sida fallax ᾶIlima 353 11.7 ± 36.7 a 18 1.5 ± 2.5 a 
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fall into any surveyed quadrats (surveyed quadrats totaled an area of 1.08 acres or 5% of the total 

22-acre site). The short-term weed management treatment contained three native seed scattered 

species: ᾶilima, óǕweoweo, and ᾶaóaliói.  

óǔweoweo was abundant across both weed management treatments. In the long-term 

weed management treatment, the most dominant seed scattered species was óǕweoweo, 

comprising 41% of all native seed scattered plants represented (Figure 4). In addition, ᾶilima 

represented 32%, ᾶaóaliói 26%, and wiliwili .09% of the native seed scattered species in long-

term management quadrats. In the short-term management treatment, óǕweoweo was the 

dominant species comprising 39% of native seed scattered plants represented. In addition, I 

recorded ᾶaóaliói representing 36%, and óilima representing 24%. Seed scattered species were 

able to establish in pǕhoehoe cracks and soil pockets. Some long-term weed management 

quadrats had native species clustered together in an area where soil and space were available.  

 

Figure 4: Abundance of broadcast species. In the long-term weed management treatment, the most dominant seed 

scattered species was óǕweoweo. 
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A secondary generation of óǕweoweo and ᾶilima was recorded within the restoration area 

which is reflected in these data. Secondary generation is defined as scattered seeds that grew to 

mature sexually reproducing adults and recruited a second generation of seeds that then 

successfully germinated. óǔweoweo and ᾶilima were observed to be flowering and seeding with 

large shrub sized individuals surrounded by seedlings (2 inches tall). For example, quadrat #8 

had 136 óilima recorded and quadrat #9 had 155 óilima recorded, many of which were young 

seedlings. The broadcast seeding treatment quadrats surveyed outside of the WDFI fence in the 

presence of ungulates did not have any native species recruitment. Only two non-native plant 

species were recorded in these quadrats: fountain grass (Cenchrus setaceus) and tree tobacco 

(Nicotiana glauca).  

2.3.1.4 Vegetation Layer of Seed Scattered Native Species 

 Seed scattered species recorded within the broadcast seeding experiment were within the 

small tree, shrub, and groundcover layer categories (Figure 5). óǔweoweo was dominant as a 

shrub in the long-term weed management treatment quadrats. However, it was also the only seed 

scattered species to reach the small tree layer (3-5 meter) (one quadrat represented as a tree layer, 

21 quadrats represented as a shrub layer, and two as a ground cover). óǔweoweo was recorded as 

a shrub (1-3 meter) in the short-term weed management (two quadrats represented as a shrub, 

two as a ground cover). ᾶIlima was observed in the shrub layer in both long-term and short-term 

weed management quadrats. Only one quadrat for each treatment had ᾶilima as a ground cover 

species. ᾶAóaliói was observed as a shrub in the long-term weed management treatment quadrats 

(18 quadrats represented as a shrub, 11 as a ground cover) and as a ground cover (<1 meter) in 

the short-term weed management (two quadrats represented as a shrub, five as a ground cover). 

Wiliwili was only detected in quadrat #1 within the ground cover layer in the long-term weed 
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management treatment. Quadrat #1 was characterized by a pǕhoehoe tumuli (raised circular 

mound with axial cracks) that took up most of the quadrat (Appendix II). The wiliwili  was about 

12 inches tall with no leaves observed (deciduous species) growing in a soil pocket at the base of 

the tumuli.  

 

Figure 5:  The average percent cover of each broadcast seeding species within each vegetation layer category: 

Ground (<1 meter), Shrub (1-3 meters), Small Tree (3-5 meters) for the long-term and short-term weed management 

treatment. Abbreviations: Long-term- long-term weed management treatment, Short-term- short-term weed 

management treatment, DODVIS- Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, 

ERYSAN- Erythrina sandwicensis. 

 

2.3.1.5 Species Richness 

Total species richness (native and non-native species) was higher under long-term weed 

management. The long-term treatment had 20 species, while the short-term had 12 species across 

all quadrats. Within quadrats the long-term treatment had a mean of 8 species, while the short-

term treatment had a mean of 6 species (Table 5). The Shannon diversity index for broadcast 

seeded species in the long-term quadrats was H= 1.08, Evenness= 0.78 and for the short-term 

quadrats it was H= 1.07, Evenness = 0.98. The two treatments did not differ greatly in this index 

score (Table 5). To determine the diversity of the entire community (total species- all 

broadcasted natives, native, and non-native species recorded) between treatments, a Shannon 
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diversity index was calculated using a presence-absence data set. For long-term weed 

management, the index result was H= 2.54, EH= 0.84 and for short-term weed management 

quadrats it was H= 1.84, EH=0.94. The long-term weed management treatment had a larger H 

value indicating a higher species richness in that assemblage of natives and non-natives.  

Table 5: Species richness is the number of species found within each treatment, Average Species Richness is the 

average number of species per quadrat, the Shannon diversity index (Hô), and evenness index for the two treatments.  

 

Broadcast seeding treatment Broadcast seeding 

species 

Total 

species 

Long-term (n=30 quadrats) 

Total Species Richness 

Avg Species Richness 

Hô 

Evenness 

 

4 

2.9 

H= 1.08 

0.78 

 

20 

8 

H= 2.54 

0.84 

Short-term (n=12 quadrats) 

Total Species Richness 

Avg Species Richness 

Hô 

Evenness 

 

3 

1.5 

H= 1.07 

0.98 

 

12 

6 

H= 1.84 

0.94 

 

2.3.1.6 Percent Cover of Native and Non-native Species between Treatments 

Long-term weed management had a higher percent cover of native species, both seed 

scattered and species thought to have germinated from the soil seed bank because they were not 

scattered (e.g., ᾶȊhaloa and pili grass). Short-term weed management had native species present, 

but with a lower percent cover. Pili grass was only recorded in the long-term weed management 

treatment (mean percent cover 4%). ᾶȉhaloa had greater representation as a shrub within the long-

term weed management treatment (mean percent cover, shrub layer: 11%, groundcover layer: 

12%), however in the short-term weed management, ᾶȊhaloa had a greater representation as a 

groundcover (mean percent cover, shrub layer: 3% groundcover layer: 7%).  

Regarding non-native species, fountain grass had a higher percent cover within short-

term weed management plots relative to long-term management (Figure 6). Partridge pea 

(Chamaecrista nictitans) had a higher percent cover within the long-term weed management 
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treatment than it did in the short-term weed management treatment. This species was so 

abundant that it was determined to be an indicator species within this treatment (see the above 

section óindicator species analysisô). Fireweed (Senecio madagascariensis) was only present in 

the long-term weed management treatment (Figure 60). Tree tobacco (Nicotiana glauca) was 

only observed in the quadrats outside the WDFI fence and represented between 5-8 percent of 

the total percent cover of the quadrat. 

 
Figure 6: The average percent cover of native and non-native species within each vegetation layer category 

(Ground, Shrub, Small Tree) and weed management treatment (long-term and short-term). Abbreviations: DODVIS- 

Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- Erythrina sandwicensis, 

HETCON- Heteropogon contortus, WALIND- Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- 

Neprolehpsis exalata, CENSET- Cenchrus setaceous, TRIPRO- Tridax Procumbens, PLUCAR- Pluchea 

carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- Indigofera suffruticosa, 

MELREP- Melinis repens, VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, NICGLA- Nicotiana 
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glauca, SENMAD- Senecio madagascariensis, MOMCHA- Momordica charantia, CHANIC- Chamaecrista 

nictitans, PORPIL- Portulaca Pilosa, NICGLA- Nicotiana glauca.   

 

2.3.2 Multivariate Analysis of Plant Community Data 

2.3.2.1 Nonmetric Multidimensional Scaling and Multiresponse Permutation Procedure (MRPP) 

Ordination scores for each weed management quadrat and the 22 native and non-native 

species detected are displayed in an ordination space represented by the two axes of 

interpretation used by NMS (Figure 7). In this analysis, 53 iterations, and 50 random initial 

configurations were used. The final stress was 12.3899. There is a near complete separation 

between the two treatments along Axis 1. óAóaliói and óǕweoweo plot together and tend to occur 

together in quadrats. Wiliwili is right on the margin of long-term plot distribution. Non-native 

grasses were abundant in the short-term weed management treatment, and this is depicted by the 

short-term plot grass species distribution. Non-native fountain grass (Cenchrus setaceous) was 

more abundant in the short-term treatment (44% mean cover) vs long-term treatment (3% mean 

cover). Non-native buffel grass (Cenchrus ciliaris) was more abundant in the short-term (7% 

mean cover) vs long-term treatment (1% mean cover). Vegetation cover and species composition 

between the weed management treatment groups was significantly different (n = 21, chance-

corrected within-group agreement A= 0.24, p<0.05, MRPP).  
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Figure 7: Nonmetric multidimensional scaling (NMS) ordination of 44 quadrats within the WDFI experimental 

area. For this analysis, the final stress was 12.3899. Blue squares show long-term weed management and pink 

squares short-term weed management, plant species are represented by a six-letter code and green horizontal marks. 

Native seed scatter species are depicted by black text, all other species have grey text. Abbreviations: DODVIS- 

Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- Erythrina sandwicensis, 

HETCON- Heteropogon contortus, WALIND- Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- 

Neprolehpsis exalata, CENSET- Cenchrus setaceous, TRIPRO- Tridax Procumbens, PLUCAR- Pluchea 

carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- Indigofera suffruticosa, 

MELREP- Melinis repens, VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, NICGLA- Nicotiana 

glauca, SENMAD- Senecio madagascariensis, MOMCHA- Momordica charantia, CHANIC- Chamaecrista 

nictitans, PORPIL- Portulaca Pilosa. 

2.3.2.2 Indicator Species Analysis 

Indicator species analysis was used to identify the taxa that were significant indicators of 

the two weed management treatments. The number of randomization runs was 4999, p-value 

0.0060. Four species (19%) had frequency and abundance patterns strongly associated with the 

defined weed management treatments and were significant indicator species at three significance 

levels (see Table 6). The number of indicator species was highest within the long-term weed 

management treatment species and included the native ᾶǕweoweo (Chenopodium oahuense), and 
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ᾶaᾶaliᾶi (Dodonaea viscosa), and the non-native partridge pea (Chamaecrista nictitans). Short-

term weed management had one indicator species, fountain grass (Cenchrus setaceous). The 

long-term treatment includes two native broadcast seeded species, whereas the short-term 

treatment is strongly characterized by a single invasive plant species.  

Table 6: Indicator species identified within the broadcast seeding site weed management treatments.  

 

Treatment Indicator Species 

 

Observed 

Indicator Value 

Mean ± SD P- Value 

Long-term 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 

Short-term Cenchrus setaceous 93.5 60.5 ± 7.8 p<0.05 

 

2.3.3 Environmental Variables and Canonical Correspondence Analysis 

2.3.3.1 Percent Cover of Bare Ground, Rock, Soil, and Leaf Litter 

           Within the long-term weed management treatment, the average bare ground cover was 

67% (SD= 13.6). In the short-term weed management treatment, the average bare ground cover 

was 45% (SD= 18.7). Two quadrats were surveyed outside of the WDFI fence in the presence 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 in long-term weed control quadrats was 

42% rock, 20% soil, and 42% leaf litter (see Figure 8). The average percent cover in short-term 

weed control quadrats was 53% rock, 17% soil, and 29% leaf litter. Taken together, these results 

suggest that long-term weed control promotes higher soil and leaf litter, and short-term weed 

control promotes lower soil and leaf litter and higher rock cover. 



40 

 

 

Figure 8: The average substrate percent cover from the point line intercept in long-term weed control quadrats was 

42% rock, 20% soil, and 42% leaf litter. The average percent cover in short-term weed control quadrats was 53% 

rock, 17% soil, and 29% leaf litter. Long-term weed control promotes higher soil and leaf litter, and short-term weed 

control had higher rock cover. 

 

2.3.3.2 Percent Slope and Aspect of Slope 

The average percent slope for the long-term weed management quadrats was 10.25°. The 

average percent slope for the short-term weed management quadrats was 4.75°. A Kruskal-

Wallis Test was conducted to determine if there was a significant difference between the slope 

and weed management treatment. 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 (338 - 22 degrees), NE (23 - 67 degrees), 

E (68 - 112 degrees), SE (113 - 157 degrees), S (158 - 202 degrees), SW (203 - 247 degrees), W 

(248 - 292 degrees), and NW (293 - 337 degrees). The average aspect for long-term weed 

management quadrats was SW (239), S (171) for short-term weed management quadrats, and W 

(250) for broadcast seeding treatment quadrats outside of the WDFI fence. A Kruskal-Wallis 

Test was used on aspect values to determine if there was a significant difference between weed 
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management treatments. The aspect was not significantly different between treatments (P= 

0.492).  

2.3.3.3 Canonical Correspondence Analysis 

Environmental variables did not strongly influence species composition and cover 

analyzed by canonical correspondence analysis. The first axis of the ordination (eigenvalue = 

0.224) was correlated to the slope and aspect variable. Overall, the total correlation was weak 

(Figure 9) with the second ordination axis (eigenvalue = 0.058) and the third axis (eigenvalue = 

0.041). 

 

Figure 9: Canonical correspondence analysis (CCA) analysis of vegetation quadrat data and environmental 

variables. Seed scattered species are depicted by black text, all other species have grey text. Abbreviations: Slope- 

average slope, Rocky Substrate- point line intercept cover data, Leaf litter- line intercept cover data, DODVIS- 

Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- Erythrina sandwicensis, 

HETCON- Heteropogon contortus, WALIND- Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- 

Neprolehpsis exalata, CENSET- Cenchrus setaceous, TRIPRO- Tridax Procumbens, PLUCAR- Pluchea 

carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- Indigofera suffruticosa, 

MELREP- Melinis repens, VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, SENMAD- Senecio 

madagascariensis, MOMCHA- Momordica charantia, CHANIC- Chamaecrista nictitans, PORPIL- Portulaca 

Pilosa. 
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2.4 DISCUSSION   

2.4.1 Broadcast Seeding Species 

The vegetation survey results indicate differences in the abundance and distribution of 

seed scattered species between the two weed management treatments. The long-term weed 

management treatment contained the highest density and diversity of native plants. Long-term 

weed management treatment quadrats had four of the ten seed scattered species: ᾶaóaliói, 

óǕweoweo, óilima, and wiliwili  compared to only three in the short-term treatment. Furthermore, 

the stem count of two native seed scattered species was significantly higher in the long-term 

weed management treatment; specifically, stem counts of ᾶǕweoweo (15.3 vs. 2.4; p<0.05) and 

ᾶaᾶaliᾶi (9.8 vs. 2.3; p<0.05). Taken together, results suggest that long-term weed management is 

a successful strategy towards reaching restoration goals in Hawaiian lowland dry forests. 

2.4.1.1 Ԁǔweoweo and ԀaԀaliԀi 

Native seed broadcasting followed by long-term weed management and seed scatter 

facilitated the establishment and growth of native plants including an endemic and indigenous 

fast-growing shrub, ᾶǕweoweo and ᾶaᾶaliᾶi respectively. This is not surprising, because long-term 

targeted herbicide application for weeds is important for reversing the establishment and growth 

of fast-growing non-native species like fountain grass. Invasive plants can compete directly with 

native plants for resources including sunlight, nutrients, and space (Stork and Turton 2009). 

Fountain grass (Cenchrus setaceous), which was a primary indicator species for the short-term 

weed control area, was associated with fewer stem counts of native species and this could be due 

to its strong competitive ability. 

The primary mechanism by which fountain grass may limit native seedling establishment 

is by lowering the availability of soil moisture (Thaxton et al. 2012). In this study, in the absence 
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of fountain grass competition (i.e., the long-term area), native plants showed an increase in 

germination and establishment. In particular, óAóaliói and óǕweoweo had a significantly higher 

number of stems in the long-term weed management area with six- times as many stems for 

ᾶǕweoweo, and four- times as many stems for ᾶaᾶaliᾶi as compared to the short-term weed 

management area. Moreover, ᾶaᾶaliᾶi and ᾶǕweoweo plot together on the NMS meaning they tend 

to occur together in the long-term weed management quadrats. The higher native seedling 

abundance observed in the long-term weed management treatment may be due to a larger 

number of suitable microsites resulting from reduced grass abundance due to herbicide 

application (see Table 4 for stem count data). Brooks, Cordell, and Perry (2009) found similarly 

that herbicide application to eliminate invasive grasses increased the number and diversity of 

native plants after a broadcast seeding trial likely due to an increase in favorable microsites.   

I observed long-term shifts in the structure of the plant community. The structure of 

vegetation layers differed between weed management strategies. Native plants growing in the 

shrub layer had a higher percent cover in the long-term weed management treatment, and natives 

in the short-stature ground cover layer were higher in the short-term weed management (see 

Figure 5). This was likely due to higher plant growth in the long-term weed control area. For 

example, ᾶǕweoweo was dominant as a shrub in the long-term weed management area and was 

the only seed scattered species to reach the small tree layer (between 3-5 meters tall), but 

ᾶǕweoweo was only found in the ground cover layer in the short-term weed management area. 

Therefore, control of weeds long-term allowed for small individuals to grow into the shrub 

category. DôAntonio et al. (1998) studied the response of native species to the removal of 

invasive grasses in a seasonally dry Hawaiian woodland. Grasses were removed and weed 

control continued for three years. They found that two fast growing shrub species, ᾶaᾶaliᾶi and 
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ᾶȊlei, increased in size faster in grass removal areas compared to controls. In this study, likely 

due to increased competition with invasive grasses in the short-term weed management area, 

native plants may take longer to grow and establish (see percent cover of species in Figure 6), 

slowing down restoration progress.  

2.4.1.2 Wiliwili  

Wiliwili is a species of drought deciduous flowering tree in the pea family Fabaceae and 

is the only species of Erythrina that occurs naturally in Hawaiói (Wagner et al. 1999). Wiliwili  is 

threatened by competition from non-native plants, the non-native and invasive gall wasp 

Quadrastichus erythrinae, wildfire, and non-native ungulates (Bell et al. 2013; Cuddihy and 

Stone 1990). Wiliwili occurs on all of the major Hawaiian Islands from sea level to 600 m above 

sea level (Wagner et al. 1999). In the lowland dry forest, species like the wiliwili are an indicator 

of the health and integrity of the dry forest ecosystem. The rugged ᾶaᾶǕ and pǕhoehoe landscape 

at the WDFI Preserve is home to about 80 wiliwili trees; this culturally important species is 

propagated and planted by staff and volunteers across the preserve. Most of the wiliwili within 

the preserve are found on the ᾶaᾶǕ lava flow with better soil development. A single wiliwili was 

recorded in grid #1 (quadrat #1) in the long-term weed management treatment (see Figure 10). 

This individual germinated in a pocket of soil and organic matter on the pǕhoehoe lava flow and 

likely survived because its roots found pockets of moisture. A total of 12 other wiliwili were 

observed in the broadcast seeding restoration area by WDFI staff (Hauff et al. 2019); however, 

they did not fall into the vegetation quadrats. Though I did not find a significant difference in 

abundance of wiliwili between the short and long-term management areas, it is possible that 

longer-term monitoring or more intensive quadrat sampling would show that wiliwili 

germination, establishment, and survival is higher in long-term weed control areas. 
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Figure 10: A. Seed scattered wiliwili (Erythrina sandwicensis) observed in the long-term weed management 

treatment grid #1. This wiliwili  was recorded in the ground cover layer within a rocky soil substrate. Wiliwili is a 

drought-deciduous species that sheds its leaves annually. B. Photo of seed scattered wiliwili by Robert Yagi.  

 

2.4.1.3 ᾶIlima 

ᾶIlima is a shrubby flowering plant species of the Hibiscus family, Malvaceae. This shrub 

is indigenous to the Hawaiian Archipelago and other Pacific Islands. WDFI staff believe that this 

species reached reproductive maturity since the seeds were scattered in 2018, and there is a 

second and possibly third generation of plants in the seed-scattered area. Staff observed differing 

size classes, as well as large mature shrubs surrounded by very young seedlings. In this study, 

hundreds of seedlings of ᾶilima were found in long-term weed management quadrats #8 and #9. 

These two quadrats had a high percent coverage of leaf litter and soil relative to other quadrats 

which may have contributed to the high abundance. The long-term weed management treatment 

may have increased the abundance of this species; however, the difference was not statistically 

significant between weed management treatments (P= 0.461).  

Ԁǔwikiwiki, kolomona, pua kala, and koԀokoԀolau 

ᾶǔwikiwiki (Canavalia hawaiiensis), kolomona (Senna gaudichaudii), pua kala 

(Argemone glauca), and koᾶokoᾶolau (Bidens menziesii) were not found in any quadrats, but they 
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were observed within the study site by WDFI staff (see Figure 11). Koᾶokoᾶolau, which is a 

short-lived perennial was found throughout the area and staff observed three generations post 

seed scattering. This species was not observed by staff during times of drought, and it was also 

not represented during the vegetation survey for this study in 2021. ᾶǔwikiwiki was also noted 

by WDFI (Robert Yagi, personal communication) to be abundant in the first couple of years 

post-fire/seed scatter and has since declined. From the initial seed scatter, most ᾶǕwikiwiki 

germinated within the first year and a few individuals were established in years two and three. 

Several (<10) ᾶǕwikiwiki produced seeds within the restoration site. There is potential for more 

germination of this species in the winter months when rainfall is more abundant, and follow-up 

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

          
 

Figure 11: A. ᾶǔweoweo (Chenopodium oahuense) and ᾶǕwikiwiki  (Canavalia hawaiiensis) observed within the 

study site by WDFI staff. B. Koᾶokoᾶolau (Bidens menziesii) was observed within the study site by WDFI staff. 

Photos by Elliott Parsons in 2019. 

   

2.4.1.4 MǕmane and ԀȊlei 

A total of two species: mǕmane and ᾶȊlei, were broadcast but not observed during the 

vegetation survey or by WDFI staff throughout the broadcast seeding experiment. ᾶȉlei is a 
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sprawling indigenous shrub within the Rosaceae family that grows within a wide variety of 

ecosystems (Wagner et al. 1999). MǕmane is an endemic tree in the Fabaceae family that grows 

in dry to mesic forests of Hawaiói Island (Wagner et al. 1999). Untreated seeds of mǕmane and 

ᾶȊlei have low germination rates (Obata 1967). Native plant growers usually scarify or soak the 

seeds in water to break dormancy, and none of the seeds in this study were scarified or pretreated 

before broadcasting.  

Seed scarification is an effective method for inducing germination in physically dormant 

seeds (Baskin and Baskin 1998). Scowcroft (1981) compared the effectiveness of three 

scarification treatments (mechanical, sulfuric acid, and hot water), and observed that both 

mechanical and acid scarification increased mǕmane germination by 700 to 800% compared to 

the untreated control. Mechanical scarification with a metal blade has resulted in higher 

germination of mǕmane (Kildisheva, Davis, and Hamzeh 2013). MǕmane seed dormancy is a 

characteristic caused by an impervious seedcoat that prevents seed imbibition (water uptake), a 

process necessary to initiate germination (Baskin and Baskin 1998). This seed dormancy of 

mǕmane is physical and is restricted by the impermeability of the seed coat (Kildisheva, Davis, 

and Hamzeh 2013). Obata (1967) reported that untreated seeds of mǕmane have germination 

rates of less than 5%. Therefore, this is one potential reason why no mǕmane seeds germinated. 

Scarifying the mǕmane seeds before scattering or broadcasting could potentially have increased 

the chances of seed germination. Given the challenges of germination with this species in the 

broadcast seeding trial, mǕmane is also a candidate for outplanting of nursery raised seedlings at 

low elevation dry forest sites like the WDFI Preserve. 

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

of the seed may have inhibited the ᾶȊlei seed's germination. Obata (1967) found that untreated 
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seeds of ᾶȊlei had germination rates that ranged from 5 to 30%. For germination, the seeds 

should be removed from the fruit. Bornhorst (1996) says that soaking the ᾶȊlei seeds in water for 

1 or 2 days will enhance germination. Perhaps soaking ᾶȊlei in water would increase the 

germination of this species in future broadcast seeding trials. Given the challenges with 

germination for this species in the broadcast seeding trial, ᾶȊlei is also another candidate for 

outplanting of nursery raised seedlings at low elevation dry forest sites like the WDFI Preserve. 

2.4.1.5 Limiting Factors 

             Some seed scattered species were detected in WDFI monitoring, but not in my survey. 

This is likely due to a number of factors including lower relative abundance of those I did detect, 

species life history traits, and seasonality of rainfall. Future studies could monitor quadrats 

during multiple years, and across wet and dry seasons. This survey measured the response of 

perennial species that were present three years post-wildfire and broadcast seeding. Scattered 

seeds in this experiment may have been harmed or killed by non-native rodents that eat native 

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 

dispersal, certain seeds, like the large ᾶǕwikiwiki seed suffered predation by snails (Brooks, 

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 quantify the 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 space and resources that 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% in short-term treatment, 3% in long-

term treatment; buffelgrass mean percent cover of 7% short-term treatment, 1% long-term), and 

other studies have found limited ability of native seeds to germinate and establish in areas with 

these invasive grasses (Cabin et al. 2002). Moreover, non-native and invasive grasses can 

establish more quickly and grow faster than slow-growing natives, thus affecting the conditions 

that native plants need to germinate and grow (Cabin et al. 2002; Cordell and Sandquist 2008; 

DôAntonio et al. 1998). 

        Finally, the seasonality of rain in the region during this experiment could have limited the 

germination of these species. Many plants in WaikǾloa are annuals, growing, seeding, and dying 

within a 12-month period. In wetter years, a higher abundance and diversity of plants germinate, 

and a larger number of plants survive the dry season, which is typically November-April (Jen 

Lawson, personal communication). Another factor that limits germination and establishment of 

plants is the pǕhoehoe substrate, which has limited soil development compared to ᾶaᾶǕ. This 

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 short-term weed management.  Most 

seed scattered species established their roots within cracks of the pǕhoehoe or low areas with soil 

pockets.  

2.4.2 Natural Recruitment of koali ᾶawa, pili, and ᾶȊhaloa 
 

Native plant species ᾶȊhaloa, koali ᾶawa, and pili grass were not seed scattered yet filled 

in open spaces post-wildfire and broadcast seeding experiment. Koali ᾶawa was only observed in 

the long-term weed management quadrat. Koali ᾶawa (Ipomoea indica) is an indigenous 

sprawling vine in the morning glory family. This vine grows in low elevations and is common in 

dry disturbed areas in Hawaiᾶi (Wagner et al. 1999). Pili was only observed in long-term weed 
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management quadrats and occurred together with ᾶilima in the NMS ordination (Figure 7). Pili is 

an indigenous grass found along dry ridges, ledges, and slopes. Pili populations in Hawaiᾶi have 

been displaced by competitive non-native grasses and shrubs (ñNative Plants Hawaiᾶi - Viewing 

Plant: Heteropogon contortusò). Some pili populations appear to be declining, especially on 

Oᾶahu and Molokaᾶi (Wagner et al. 1999). It is unclear where the exact source populations for 

koali ᾶawa and pili grass are, though they do occur scattered throughout the WDFI Preserve. It is 

possible that these two species struggle to compete with fountain grass and therefore do better 

with long-term weed management. 

             ᾶȉhaloa is a medium-sized woody shrub that grows at low elevations from sea level to 

4,000 feet in dry disturbed sites (Wagner et al. 1999).  Roots of the ᾶȊhaloa, are used in Hawaiian 

culture as a treatment for inflammatory conditions, modern research on root compounds supports 

the traditional uses of this species (Liu et al. 2023). ᾶȉhaloa is a prolific seed producer and has 

high recovery potential, though physical dormancy of the seeds has been documented (Lukas, 

DeFrank, and Baldos 2016; Fahs 2014). ᾶȉhaloa had the highest percent cover (mean 12% long-

term treatment, 7% short-term treatment) of all native species across both long and short-term 

weed management treatments. The second highest percent cover was ᾶǕweoweo (mean 3% long-

term treatment, 1% short-term treatment). ᾶȉhaloa was not broadcast and therefore must have 

been present in the seed bank or was dispersed into the area by wind or animal dispersers from 

nearby populations. ᾶȉhaloa had a higher percent coverage in the long-term weed management 

quadrats. I found that ᾶȊhaloa was clustered with long-term weed management in both the CCA 

and NMS analyses, indicating that long-term weed control was associated with its success. This 

suggests that removing non-native plants long-term (e.g., fountain grass), greatly increased the 
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abundance of ᾶȊhaloa, and this could be a successful approach to establish this species in the 

future. 

2.4.3 Weed Management 

The broadcast seeding restoration site was unmanaged by the WDFI before the fire due to 

difficulties accessing the remote area, challenges of planting in the pǕhoehoe substrate, and the 

lack of native plants in the area. Fountain grass, a fire-adapted invasive species originally 

introduced to North Kona as an ornamental in the early 1900s, has become a dominant species in 

WaikǾloa over the past century. Fountain grass does not die in fire, and if left untreated post-

wildfire, the grass can quickly grow back to pre-fire size and biomass within a number of months 

(Smith and Tunison 1992). Controlling the new regrowth of fountain grass with herbicide post-

fire killed the grass and allowed the native seeds that were broadcast to germinate and establish 

before the invasive grasses reinvaded the area. Greater than 99% of the vegetation cover present 

in the study area before the fire consisted of non-native plants; three years post-fire and seed 

scatter the vegetation cover now consists of native vegetation. 

Weed management experiments (e.g., invasive species removal) are valuable tools to 

address questions related to the inter-specific interactions of native and non-native species, as 

well as to provide information for adaptive management. The overall results of the three-year 

post-treatment vegetation survey suggest that the combination of seed broadcasting and long-

term weed management increases native seed germination, survival, and growth, and promotes 

higher native plant species diversity in lowland Hawaiian tropical dry forests. The higher density 

of native plants and greater species richness in the long-term weed management area contrasts 

with lower plant densities and fewer species in the short-term weed management areas. Taken 

together, these results reveal the importance of removing non-native plant species over the long-
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term in order to promote the recovery of degraded Hawaiian dry forests. These results also add to 

a growing body of evidence that identifies non-native grass invasions as one of the primary 

threats to native dry forest diversity, structure, and function (Brooks, Cordell, and Perry 2009; 

Chimera 2004).  

The dominant non-native grass at the WDFI Preserve (fountain grass), 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 control, fountain grass had an 

average cover of 44% in the short-term treatment compared to an 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 2012). Native seedling survival and 

growth rates depend on soil moisture, especially in the dry leeward regions of Hawaiᾶi where 

water is limiting (Thaxton et al. 2012). One of the primary mechanisms by which non-native 

grasses limit native seedling survival is by decreasing soil moisture (Thaxton et al. 2012). 

Fountain grass has a dense and shallow root system that effectively exploits shallow water 

resources in forests and grasslands (Cordell and Sandquist 2008). This species reduces the 

acquisition of water by native plant species through competition in the upper soil profile, and 

through the uptake of water that could percolate deeper (Cordell and Sandquist 2008). This 

strong competitive ability decreases the availability of water and is especially detrimental in the 

early stages of native plant development, for example when seedlings are actively developing 

root systems that are in direct contact with mature fountain grass roots (Cordell and Sandquist 

2008). Other studies have found that in the absence of non-native grasses, native species showed 

increased productivity, resource acquisition, and increased photosynthesis (Thaxton et al. 2012).  

2.4.3.1 Long-term Weed Management 



53 

 

The long-term weed management area had a higher plant species diversity, with 20 total 

species recorded, and this was due to the continued removal of targeted non-native species which 

allowed for greater species richness and density of seed scattered plants. The long-term weed 

management area contained native seed scattered species including wiliwili, ᾶǕweoweo, ᾶaᾶaliᾶi, 

and ᾶilima, and the native: pili, ᾶȊhaloa, and koali ᾶawa naturally recruited in this treatment as 

well. One non-native species, the partridge pea (Chamaecrista nictitans), had a high average 

percent cover of 10% within quadrats, compared to short-term where it covered 1%. This species 

was not a targeted species of weed management in this treatment (targeted weed species include: 

fountain grass (Pennisetum setaceum), buffelgrass (Cenchrus ciliaris), indigo (Indigofera 

suffruticosa), tree tobacco (Nicotiana glauca), sourbush (Pluchea carolinensis), golden 

crownbeard (Verbesina encelioides) and fireweed (Senecio madagascariensis). 

Partridge pea (Chamaecrista nictitans) is a member of the pea family (Fabaceae) native 

to India and the East Indies. This species was introduced to Hawaii before 1870, possibly as a 

forage plant or a sand binder (ñPartridge Peaò 2001). Partridge pea is naturalized in Hawaiói, 

grows well in disturbed areas (i.e., areas where herbicide application has cleared the vegetation), 

and may tolerate wildfires (Carino and Daehler 2002). As of December 1, 2019, the Plant Pono 

webpage which hosts the Hawaiói Weed Risk Assessment (a system for classifying the risk that a 

non-native plant species may become invasive in Hawaiói) listed the partridge pea as ñhigh-riskò 

of becoming invasive. This conclusion is based on the following undesirable plant traits: 

elevation range exceeds 1000 m, thrives in tropical climates, a disturbance weed; potential 

impacts to agriculture and the natural environment, other Chamaecrista species are known 

invasives, tolerates many soil types, reproduces by seeds, self-compatible, reaches maturity in 

one growing season, seeds are dispersed by gravity; and species may 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 by later successional species. However, it could 

potentially outcompete native plants (Plant Pono 2022). The spread of nitrogen-fixing plants like 

partridge pea in a community has the potential to facilitate invasions by other invasive species by 

increasing soil nitrogen availability. A study by Carino and Daehler (2002) investigated the 

potential of partridge pea to facilitate fountain grass invasions into native pili (Heteropogon 

contortus) grasslands. Their study found that partridge did increase soil nitrogen after plant 

senescence (Carino and Daehler 2002). They found that increases in soil nitrogen associated with 

this non-native legume facilitated non-native grass invasions (Carino and Daehler 2002). 

Therefore, given the potential for this species to exacerbate future non-native grass invasions, 

resource managers should consider targeting this species for future control efforts. 

Figure 12 depicts the difference in the landscape from pre-fire to post-fire/post-seed 

scatter using aerial satellite imagery. The short-term weed management treatment (outlined in 

yellow) has higher fountain grass cover than the long-term treatment (outlined in red). Native 

shrubs are observed in the aerial image of the long-term weed management treatment.  
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Figure 12: Aerial imagery of the broadcast seeding site depicts vegetation change after the wildfire 

disturbance and weed management and seed scatter. The photo on the left was taken on February 14, 2018, before 

the fire, and the photo on the right was taken on April 4, 2022 (~3 years post-fire). The short-term weed 

management is outlined in yellow, long-term weed management is outlined in red, and broadcast seeding outside 

WDFI Preserve is outlined in blue. The high-resolution satellite imagery was provided in collaboration with federal 

partners and with funding from the National Geospatial Agency and National Reconnaissance Office. 

 

2.4.4 Species Diversity 

I found a lower overall species diversity in the short-term weed management treatment; 

12 species total were recorded compared to 20 species in the long-term weed management 

treatment. The short-term weed management quadrats had three of the eleven seed scattered 

species: ᾶilima, ᾶǕweoweo, and ᾶaᾶaliᾶi. Fountain grass and buffelgrass characterized these 

quadrats (fountain grass mean percent cover of 44% in short-term treatment, 3% in long-term 

treatment; buffelgrass mean percent cover of 7% short-term treatment, 1% long-term). Other 

species present included the non-native redtop grass (Melinis repens), indigo (Indigofera 

suffruticosa), partridge pea (Chamaecrista nictitans), sourbush (Pluchea carolinensis), yellow 

aster (Tridax procumbens), and Spanish needle (Portulaca Pilosa), and the native ᾶȊhaloa 
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(Waltheria indica). The initial removal of non-native plants in 2018 provided conditions for 

native seed scattered species to germinate and establish; however, non-native species became 

dominant in the short-term treatment after herbicide application was terminated in 2019. 

2.4.4.1 Indicator Species 

Plant species significantly associated with the broadcast seeding were identified using an 

indicator species analysis. ᾶǔweoweo, ᾶaᾶaliᾶi, and partridge pea (Chamaecrista nictitans) were 

indicator species in the long-term weed management treatment, while the short-term weed 

management area had one indicator species, fountain grass (Cenchrus setaceous). An indicator 

species is an organism whose presence, absence, or abundance reflects a specific environmental 

condition (Caro 2010).  

Indicator species in long-term weed management area ᾶaᾶaliᾶi, ᾶǕweoweo, and partridge 

pea were found in the open space provided by ongoing weed management. ᾶAᾶaliᾶi is a fast-

growing shrub species that increased significantly in abundance in the long-term weed 

management area. ᾶAᾶaliᾶi populations grow where seed sources are established (Wagner et al. 

1999). DôAntonio et al. (1998), also found that ᾶaᾶaliᾶi increased significantly in size and growth 

with three years of non-native grass removal. Similarly, I found that both ᾶaᾶaliᾶi and ᾶǕweoweo 

were larger in stature, reaching the shrub (1-3m) and small tree layer (3-5m) in the long-term 

weed management area as compared to the short-term area after three years of grass removal 

(Figure 5). Both ᾶaᾶaliᾶi and ᾶǕweoweo produced a second generation of seedlings in the long-

term weed management area. The first and second generations of these species were well 

established leading to their emergence as indicator species. Partridge pea is a nonnative species 

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

one growing season (Plant Pono 2022). It was also an indicator species for the long-term weed 
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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 long-term weed control area indicates that other non-native plant species (likely 

fountain grass) are outcompeting it there. 

I found that fountain grass was an indicator species in the short-term 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, growth, and reproductive traits, 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 surrounding the seed 

scatter area, ability to tolerate hot and dry environments, fast growth rate, and superior 

competitive ability, it is not surprising that this species became dominant in the short-term weed 

control area only two years after control efforts removed all individuals. This indicates that the 

success of dry forest restoration efforts may depend heavily on the ability of managers to control 

this species consistently and long-term. 

2.4.4.2 Diversity Patterns between Treatments  

In the Shannon index, including all species, native and non-native, the long-term weed 

management treatment had a higher value (H= 2.54), compared to the short-term weed 

management value (H= 1.84). Within the long-term weed management treatment, there was a 

greater richness of native and non-native species. On the other hand, fewer species were 

observed within the short-term weed management area, and fountain grass was a dominant 

species as revealed by the indicator analysis.  
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           During the 2021 survey, I observed 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, however, they did affect the overall 

native and non-native species community composition (Figure 6). More native and non-native 

plants were observed in the long-term weed management area. The total abundance of plants 

ranged from eight species in short-term weed management to 20 species in long-term weed 

management treatment.  

2.4.5 Multivariate Analysis of Plant Community Data 

2.4.5.1 Nonmetric Multidimensional Scaling and Canonical Correspondence Analysis 

The nonmetric multidimensional scaling (NMS) analysis and ordination were based on 

species percent cover. The nearly complete separation of short- and long-term weed control areas 

on the first axis shows that vegetation cover was distinct between the two weed management 

strategies. The variation is greater between the two treatments than within each treatment. The 

long-term treatment was more similar. Species óaóaliói and óǕweoweo plot together and tend to 

occur together in long-term treatment quadrats. ᾶȉhaloa NMS position clustered with long-term 

weed management, this may suggest that removing grass competition greatly increased the 

abundance of ᾶȊhaloa. Non-native grasses were abundant in the short-term weed management 

treatment. Two plots overlap within the ordination, indicating a similarity between vegetation 

cover and structure. This 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 weed management 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 vegetation 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 (see Figure 9). The difference in species 

distribution is therefore not strongly affected by differences in environmental variables between 

weed control treatments. However, the first axis of the ordination (eigenvalue = 0.224) was 

correlated to the slope and aspect variable. These results indicate that weed management strategy 

(long-term and short-term) had a greater influence on species composition and distribution than 

the measured abiotic variables. 

2.4.6 Ungulates  

The direct effects of ungulates on native Hawaiian plant communities have been well 

studied, and research has revealed that physical disturbances such as herbivory and trampling 

inhibit native plant recovery in Hawaiᾶi (Leopold and Hess 2017). Feral goats (Capra hircus) are 

abundant and have access to the areas outside of the WDFI fence, and their activities have led to 

an open bare ground area in the post-fire seed scatter treatment outside of the fence (Personal 

observation, WDFI staff). The 0.25-acre grid #43 received the same weed management as the 

short-term treatment (three rounds of herbicide) and the same seed scatter treatment, and is 

directly adjacent to the other plots and so received the same rainfall (228-334 mm annually). 

However, no native plants were observed outside the WDFI fence during the surveys, in 

comparison there was only one quadrat in the short-term treatment where I did not record any 

native species. The only plant species observed outside of the ungulate exclusion fence were 

fountain grass (which showed heavy signs of grazing) and tree tobacco, which may have 
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chemical defenses against herbivory as no herbivore damage was noted (Keeler 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 this area. It is 

important to note that the area surrounding the 0.25-acre grid had high fountain grass cover, and 

by creating a concentrated area of only small and regrowing fountain grass, the goats have kept it 

in fire-fuel free condition for 3 years. If the WDFI were to scale up beyond a single grid of 

treatment, the intensity of the browse would have been different and could have lowered grazing 

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 al. (2010) found that long-term forest restoration (ungulate exclusion and 

grass removal) led to the recruitment of native woody seedlings into larger class sizes. This was 

also evident in the long-term weed management treatment which had more shrubs and ground 

cover of native plants. Even in the short-term 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. 

2.4.7 Lowland Dry Forest Restoration   

Lowland dry forests in Hawaiᾶi have declined in range and diversity since European 

arrival due to the introduction and spread of invasive species such as fountain grass, feral and 

domestic ungulates, and the grass fire cycle which promotes wildfire and destroys native forest 

(Cuddihy and Stone 1990; Wagner et al. 1999; DôAntonio and Vitousek 1992; Blackmore and 

Vitousek 2000). Due to these changes in the past 200 years, there has been a rapid decline in 
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native flora and fauna, leading to a growing number of threatened and endangered plant species 

(Sakai et al. 2002). Today, 45% of dry forest plant species are at risk of endangerment and it is 

estimated that dry forests in Hawaiᾶi cover only 1-5% of their original distribution (Sakai et al. 

2002; Pau et al. 2009). Wildfire risk is also increasing with climate change while the number of 

non-native plants established continues to increase (Brock and Daehler 2021; Trauernicht et al. 

2015), with a high likelihood that some of these will increase fire risk (Faccenda and Daehler 

2022). There is, therefore, a need for strategies to reforest and revegetate burned ecosystems, not 

only to protect and promote native plant species, but also to reduce future fire risk. At the WDFI, 

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

study post-fire seed scattering and weed management strategies.  

As this work has shown, the WDFI post-fire seed scattering has been an effective way to 

establish native shrubs and trees in a previously burned portion of the preserve including ᾶaᾶaliᾶi, 

ᾶǕweoweo, ᾶilima, and wiliwili. Long-term weed management removed the non-native grasses 

which are dominant in lowland dry forest ecosystem understories (fountain grass was reduced 

from 44% mean cover in the short-term treatment to 3% cover in the long-term treatment). 

Vegetation cover and species composition between the weed management treatment groups was 

significantly different. Native stem counts (Table 3) and native species richness were higher 

under long-term weed management. Taken together, these results show that native plant seed 

scatter and weed management through long-term targeted herbicide application could be an 

effective tool for post-fire 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 regeneration of seed scattered 
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native species. There were more stems of native species ᾶǕweoweo, ᾶaᾶaliᾶi, and wiliwili in the 

long-term weed management area. Second, long-term weed management is required to increase 

the rate of recovery of previously burned lowland dry forest; more native trees and shrubs were 

found in the long-term weed control area as compared to the short-term weed control area. 

Finally, long-term weed management promoted a higher diversity of native seed scattered 

species. And critically, ungulate-proof fences are required for broadcast seeding to work as a 

restoration tool in lowland dry forest ecosystems in Hawaiᾶi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 

 

CHAPTER III.  CONCLUSION 

3.1 CONCLUSION 

Broadcast seeding has the potential to be an effective restoration strategy in previously 

burned areas within Hawaiian lowland dry forest ecosystems. In large-scale restoration efforts 

that seek to reintroduce or augment native species to facilitate recovery, broadcast seeding in 

combination with herbicide application to remove non-native competitors may be an inexpensive 

and effective way to restore degraded native dry forests (Evans 1982; McDaniel et al. 2011). 

Moreover, the restoration from grasslands to shrublands, and from shrublands to forested 

ecosystems reduce future fire risk (Hawbaker et al. 2017). Native forest rehabilitation and 

restoration therefore may be a cost-effective long-term management approach to reduce fire fuel 

loads and fire danger while also controlling invasive species establishment and spread 

(Hawbaker et al. 2017).  

At the WDFI Preserve, long-term shifts in community structure were observed within the 

seed broadcast area over the three years following the large wildfire in 2018. The WDFI area had 

successful germination of ᾶaᾶaliᾶi, ᾶǕweoweo, ᾶilima, wiliwili, kolomona, kǾᾶokoᾶolau, 

óǕwikiwiki and pua kala. Overall, eight out of the ten broadcasted species germinated, with the 

exception of Ȋlei and mǕmane (though not many seeds were broadcast for those two species). 

This project demonstrates that the combination of long-term grass removal and seed scatter may 

be an effective approach to the restoration of degraded lowland tropical dry forest ecosystems in 

Hawaiói and other ecologically similar ecosystems. The results of this work can help inform 

managers who seek to transform degraded and highly flammable, low diversity, non-native 

dominated grasslands to less flammable native shrublands and woodlands. 
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3.1.1 Management Implications 

These results at the WDFI Preserve are encouraging as post-fire seed scattering may 

provide an alternative means for restoring lowland dry forest over larger areas than is possible 

with the more common method of outplanting nursery grown seedlings. There are numerous 

takeaways for land managers from this broadcast seeding experiment. First, investing in long-

term weed management (herbicide targeting non-native grasses and perennial weeds) improves 

the establishment success and growth of broadcast seeded native species. Alternatively, short-

term weed management (e.g., 3 herbicide applications over 9 months) also may assist in the 

success of broadcast seeded species, but with lower resulting densities of native plants and 

slower growth rates of establishing natives. With repeated removal of weeds (i.e., longer-term 

weed control), there is a longer opportunity for the desirable native plant community to establish. 

Long-term weed management alters habitat structure and allowed native species to grow from 

seedlings into the ground cover (<1 meter), shrub (1-3 meters) and small tree (3-5 meters) layer. 

Short-term weed management, however, only allowed native plants to grow within the ground 

cover (<1 meter) and shrub layer (1-3 meters). Long-term weed management also promoted a 

higher diversity and density of seed scattered species than the short-term area. There was one 

more species observed (wiliwili) , and higher stem counts of ᾶǕweoweo, ᾶaᾶaliᾶi, and wil iwili in 

the long-term weed management area. Finally, disturbance by non-native ungulates (e.g., feral 

goats) led to a lack of establishment of seeds scattered outside the WDFI fence. This work 

demonstrates that ungulate-free fenced areas are required for broadcast seeding to work as a 

restoration tool. 

3.1.1.1 Native Seed Availability  

In addition to ungulates, the lack of native seeds can also be a barrier to the restoration of 

lowland dry forests in Hawaiᾶi. Many dry forest projects are not able to collect or hold large 



65 

 

quantities of common native seeds. As a result, there are not enough native seeds available to 

reforest the degraded or previously burned lowland dry forests (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 3 to 30 lbs. of seed to fill 

an acre for cover crops (Robert Yagi, e-mail message to author, March 15, 2023). Therefore, 

WDFI knew that seed availability would cause the broadcast seeding to be spread thin in 

comparison to agricultural methods. The WDFI desired more seeds for the seed broadcasting 

experiment, but the seeds needed for that density just werenôt available.  

  Despite the limited seed availability, the WDFI collected seeds for multiple species with 

the help of volunteers and seed donations from nearby partner conservation organizations via the 

Hawaiᾶi Island Seed Bank. A majority of the seeds used in this experiment, however, were 

collected from existing outplant areas within the WDFI Preserve (and therefore came from 

previous native plant augmentations and reintroductions, not wild individuals). WDFI held 

several volunteer opportunities for the community to help collect seeds of óǕweoweo, ᾶaóaliói, 

and ᾶilima, prior to the initiation of this experiment, and in total 148 volunteer hours were 

utilized to gather seeds. Other seeds were already cleaned and in storage or donated by partner 

organizations (see Table 7). Collecting, cleaning, drying, packaging, and finally storing seeds is 

necessary for future broadcast seeding restoration efforts. 
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Table 7: Native dry forest species from which seeds were collected for the broadcast seeding experiment. For 

Dodonaea viscosa, without casing- means that the seed was removed from the papery casing, and with casing- 

means seeds were not removed from the casing. Each grid was 0.5-acres. 

 

 

 

 

 

 

3.1.1.2 Return on Investment 

In order to calculate the return on investment (for species that responded well to the 

treatment which include óǕweoweo, ᾶaóaliói, and ᾶilima, i.e., the number of native plants alive 

after 3 years post-fire and broadcast seeding (both long and short-term weed management), I 

compared the number of seeds broadcast per grid to the average stem count (plant density) per 

100 m2 (Table 8). For óǕweoweo, an estimated 15,971 seeds were broadcast throughout each 100 

m2  grid square, and an average of 15.3 óǕweoweo stems were counted per 100 m2 in the long-

term weed management treatment. In contrast, an average of 2.4 óǕweoweo stems were counted 

per 100 m2 grid square in the short-term weed management area. In the long-term weed 

treatment, therefore 0.09% of the scattered óǕweoweo seeds resulted in stems as well as 3.7% of 

the ᾶaᾶaliᾶi, and 21.7% of the ᾶilima (assuming all stems represent recruits from the scattered 

seeds). In contrast, for the short-term weed treatment, 0.01% of the scattered óǕweoweo seeds 

resulted in stems as well as, 0.9% of the ᾶaᾶaliᾶi, and 2.7% of the ᾶilima.  

 

Scientific Name Common or 

Hawaiian Name 

Total  

weight (g)  

Weight per 

 grid (g) 

Dodonaea viscosa (without casing)  ᾶAóaliói 1417 33 

Dodonaea viscosa (with casing) ᾶAóaliói 14,450 340 

Chenopodium oahuense  óǔweoweo 2807 66 

Canavalia hawaiiensis óǔwikiwiki 3884 91 

Sida fallax  óIlima 210 4 

Senna gaudichaudii Kolomona 887 20 

Bidens menziesii Koóokoóolau 28 0.5 

Sophora chrysophylla MǕmane 510 12 

Argemone glauca Pua Kala 164 3 

Oseomeles anthyllidifolia ᾶȉlei 187 4 

Erythrina sandwicensis Wiliwili  638 15 

    

Grand Total 

weight (g) 

 

 

25,182          588.5 
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Table 8: Average weight per seed for óǕweoweo (Chenopodium oahuense), ᾶaóaliói (Dodonaea viscosa), and ᾶilima 

(Sida fallax), total seeds per 0.5-acre grid, the average stem count, and percent seeds that resulted in stems. Average 

seed weight data were provided by Lyon Arboretum staff.  

 

3.1.1.3 Stems per Acre 

In other areas of the WDFI Preserve, managers have a goal for establishing successful 

outplanting sites, which is one where between 300-400 native plants/acre are established through 

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

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

differences in substrate, restoration history, and restoration methodology. The substrate is 

different between outplanting and seed scattering sites (mainly óaóǕ for the outplanting site and 

pǕhoehoe for the seed scatter site). As 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 

(outplanting vs. seed scatter) could produce similar results. In order to compare the success 

between the two sites, I used the average stem count data per 100 m2 to estimate stem counts per 

acre and compared that to the goals by site (Table 9). I found that the broadcasting site with 

long-term weed management reached similar numbers for each species as compared to the 

Species        Long-term 

treatment 

Short-term 

treatment 

Hawaiian 

Name 

Mean 

weight 

per seed 

(g) 

Total 

seed 

weight 

(g) (all 

grids) 

Seed 

weight 

per grid 

(g) 

Total 

estimated # 

of seeds 

Estimated 

# of seeds 

per grid 

Seeds 

per 

100 m2  

Average 

Stem Count 

per 100m2 

Average 

Stem 

Count 

per 

100m2 

óǔweoweo   0.000202 2807 65.28 13,896,040 323,164 15,971 15.3  

(0.1%) 

2.4  

(0.1%) 

ᾶAóaliói 

 

ᾶIlima 

0.00618 

 

0.00448 

1417 

 

210 

32.95 

 

4.88 

229,288 

 

46,875 

5332 

 

1090 

264 

 

53.87 

9.8  

(3.7%) 

11.7  

(21.7%) 

2.5  

(0.9%) 

1.5  

(2.8%) 
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outplanting site plants per acre (300-400 plants). See Table 8 for three of the broadcast seeded 

species that performed well in this experiment: óǕweoweo, ᾶaóaliói, and ᾶilima.  

Table 9: Estimated seeds broadcasted per acre and estimated stem count per acre for óǕweoweo (Chenopodium 

oahuense), ᾶaóaliói (Dodonaea viscosa), and ᾶilima (Sida fallax). 

Species    Long-term  

treatment  

Short-term 

treatment 

Scientific Name Hawaiian 

Name 

Seeds per 

acre 

Estimated stems 

per acre 

Estimated stems 

per acre 

Chenopodium oahuense óǔweoweo   646,327 619  97  

Dodonaea viscosa 

Sida fallax 

ᾶAóaliói 

ᾶIlima 

10,665 

2180 

397  

473  

101  

61  

  Total stems: 1489  259 

 

3.1.1.4 Expenses Involved in the Weed Management 

A breakdown of the costs for long-term weed management in the broadcast seeding site is 

available in Table 10. Roundup PowerMAX (BAYER AG), the herbicide used in this experiment 

with the active ingredient glyphosate, costs around $157.95 for 2.5 gallons (320 fl. oz.), cost 

accessed March 14, 2023, via amazon.com. See Table 10 for the number of personnel hours, 

herbicide amounts, and herbicide costs per acre and the 22 acres total. Costs associated with 

herbicide application decrease over time. The initial herbicide application totaled $689.92 for the 

22 acres and the cost decreased to $570.90 by the third treatment. Personnel hours declined over 

time as well from 10.9 to 5.4 hours an acre from the first treatment to the third treatment one 

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

 

 

 

 

 

 

 

 

3.1.1.5 Future Research Directions 

 

While this thesis provides information on the effectiveness of post-fire seed scattering as 

a restoration approach, it also raises new research questions. One important question is how long 

it takes to establish diverse native plant communities that are more resilient to disturbances such 

as invasive species, intense storms, drought, or wildfire. This project only assessed the trajectory 

of restoration over a 3-year period, but a longer time period (e.g., 10-20 years) may be required 

for resilient native-dominated communities to form that will persist despite disturbance and with 

minimal future investment of resources by staff. Alternatively, restoration sites in the lowland 

dry forests of Hawaiᾶi may never achieve a high level of resilience due to high invasive plant 

propagule pressure, the competitive ability of weeds, and the continuing arrival of new invasive 

species every year (Brock and Daehler 2021). As well, the resilience of restored plant 

communities is also threatened due to the transforming influences of climate change which will 

likely lead to reduced rainfall, increased temperatures, and longer and more severe droughts in 

dry forest ecosystems in Hawaiᾶi (USGCRP 2018). 

Another question 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 

Herbicide Application 

Treatment 

Personnel 

Hours/Acre 

Herbicide 

per acre 

(fl. oz.) 

Herbicide 

cost per 

acre  

Cost for 22 

acres total  

Initial treatment- 9/2018 10.9 63.6 $31.36 $690 

Secondary treatment- 10/2018 3.9 46.4 $22.54 $496 

Third treatment- 3/2019 5.4 51.5 $25.95 $571 

Fourth treatment- 11/2019 4.8 47.1 S23.03 $507 

Fifth treatment- 4/2020 7.0 23.2 $11.27 $275 
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acres, but it is likely that the amount of scattered 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 initial one) to determine the optimal density and number of scattering events. It is 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. As well, increasing the number of seed 

scattering events could also decrease the amount of follow-up weed control needed if native 

plants can saturate available germination sites and pre-empt establishment by non-native species. 

A final research question is whether certain native plants in the dry forest can facilitate 

other native speciesô success. For example, certain native plants may improve habitat quality for 

later broadcast seeded species (Medeiros, von Allmen, and Chimera 2014). ᾶAᾶaliᾶi and 

óǕweoweo, which are fast growing shrubs, for example, could act as nurse plants and increase 

site quality for other native plant species. To test this, an initial seed scatter could focus on 

establishing potential nurse plant species like ᾶaᾶaliᾶi and óǕweoweo. After these species establish 

and mature, secondary species could be scattered. The secondary species could consist of more 

drought or wind sensitive shrubs (e.g., ᾶǕkia (Wikstroemia sp.), kuluǭ (Nototrichium 

sandwicense)), or ground cover species. Following the establishment of shorter stature (ground 

cover and shrub) species, managers could then finally scatter tree species (e.g., coastal 

sandalwood ᾶiliahi aloᾶe (Santalum ellipticum), and naio (Myoporum sandwicense)). Potential 

benefits of nurse plant species alongside staggered broadcast seeding could include improved sun 

and wind protection, cooler and moister soils, and improved soil nutrient cycling (Padilla and 

Pugnaire 2006). Given the threats faced by native dryland ecosystems in Hawaiᾶi, the research 
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and development of novel management strategies are critical for the restoration and conservation 

of lowland dry forests in Hawaiᾶi. 
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APPENDIX I. QUADRAT RAW DATA  

Table 11: Quadrat Universal Transverse Mercator (UTM) location, aspect, slope, and substrate percent cover. 

Abbreviations: LT- long-term weed management, ST-short-term weed management, O- outside 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 207428 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 25 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 4.5

LT14 207251 2200328 250 14 11 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 11 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 15 9.5

LT28 207091 2203312 250 5 15 10

LT29 207045 2203322 130 1 13 7

LT30 207031 2203316 151 3 11 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 1 6

ST40 206784 2203435 300 3 10 6.5

ST41 206744 2203415 255 1 3 2

ST42 206718 2203517 320 5 0 2.5

O43 206700 2203496 320 6 20 13

O44 206680 2203451 180 1 11 6
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Table 12: Point line intercept substrate data. Abbreviations: LT- long-term weed management, ST-short-term weed 

management, O- outside WDFI Preserve, R=rock, S= soil, L= leaf litter. 

 
PLOT # 1M 2M 3M 4M 5M 6M 7M 8M 9M 1OM Percent R Percent SPercent L

LT1 S L L S S R R L L R 40 20 40

LT2 R R L L L L R L R L 40 0 60

LT3 L R R R R R L L R L 60 0 40

LT4 R L R L R L L S R L 40 10 50

LT5 S R R L L S L L L L 20 20 60

LT6 R R L S L S L L L L 20 20 60

LT7 S R S R L L L R R S 40 30 30

LT8 L L L L R R L S S S 20 30 50

LT9 L R L L S L L L L L 10 10 80

LT10 R L S L R R L L S L 30 20 50

LT11 R R R L R S S S R S 50 40 10

LT12 S R R L R R R L R R 70 10 20

LT13 R R S S S R R R L S 50 40 10

LT14 L R R S R R R R S R 70 20 10

LT15 R L L R R L L R S S 40 20 40

LT16 R S R L L R S S L R 40 30 30

LT17 S S L L S S S R S S 10 70 20

LT18 S R R L L L S L R R 40 20 40

LT19 L S S R R S L R L R 40 30 30

LT20 L L L R R R R R R R 70 0 30

LT21 R R R L L S L R R R 60 10 30

LT22 R L L S L L L L L R 20 10 70

LT23 R R S L R R R L R R 70 10 20

LT24 R S S L L L S R L L 20 30 50

LT25 R R S S L R R R R R 70 20 10

LT26 L L L R L S L L R S 20 20 60

LT27 R S R R L L R S R R 60 20 20

LT28 L R L R L R R L L R 50 0 50

LT29 R L R L R S S L R R 50 20 30

LT30 R R R S S L R R R L 60 20 20

ST31 R R L L L S L L L R 30 10 60

ST32 L L L R L S R R R S 40 20 40

ST33 S S S R R R L S S S 30 60 10

ST34 L L R R L R S S R R 50 20 30

ST35 R L R R L L R R R R 70 0 30

ST36 L S R L L R R R R L 50 10 40

ST37 L R S R R R L S R R 60 20 20

ST38 R R R R L L R R R R 80 0 20

ST39 R R S R R S R L L L 50 20 30

ST40 L R R R R R R L S R 70 10 20

ST41 S S R R R S L L R R 50 30 20

ST42 R L R R L L R S R R 60 10 30

O43 R R R R S R R R R S 80 20 0

O44 R R S L L L R S S R 40 30 30 
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Table 13: Vegetation layer data for each species. Abbreviations: LT- long-term weed management, ST-short-term weed management, O- outside WDFI 

Preserve, G=ground layer, S= shrub layer, T= small tree, DODVIS- Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- 

Erythrina sandwicensis, HETCON- Heteropogon contortus, WALIND- Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- Neprolehpsis exalata, CENSET- 

Cenchrus setaceous, TRIPRO- Tridax Procumbens, PLUCAR- Pluchea carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- 

Indigofera suffruticosa, MELREP- Melinis repens, VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, NICGLA- Nicotiana glauca, SENMAD- 

Senecio madagascariensis, MOMCHA- Momordica charantia, CHANIC- Chamaecrista nictitans, PORPIL- Portulaca Pilosa, NICGLA- Nicotiana glauca.   

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

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

LT5 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 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 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

O43 NA NA NA NA NA NA NA G NA NA NA NA NA NA NA NA NA NA NA NA NA T G

O44 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. Abbreviations: LT- long-term weed management, ST-short-term weed management, O- outside WDFI Preserve,  

DODVIS- Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- Erythrina sandwicensis, HETCON- Heteropogon contortus, 

WALIND - Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- Neprolehpsis exalata, CENSET- Cenchrus setaceous, TRIPRO- Tridax Procumbens, 

PLUCAR- Pluchea carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- Indigofera suffruticosa, MELREP- Melinis repens, 

VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, NICGLA- Nicotiana glauca, SENMAD- Senecio madagascariensis, MOMCHA- Momordica 

charantia, CHANIC- Chamaecrista nictitans, PORPIL- Portulaca Pilosa, NICGLA- Nicotiana glauca.   

 

 

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

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 37.5 66

LT5 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 37.5 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 17.5 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 37.5 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 37.5 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 37.5 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 37.5 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

O43 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

O44 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 cover. Abbreviations: LT- long-term weed management, ST-short-term weed management, O- outside WDFI Preserve, 

DODVIS- Dodonaea viscosa, CHEOAH- Chenopodium oahuense, SIDFAL- Sida fallax, ERYSAN- Erythrina sandwicensis, HETCON- Heteropogon contortus, 

WALIND - Waltheria indica, IPOIND- Ipomoea indica, NEPEXA- Neprolehpsis exalata, CENSET- Cenchrus setaceous, TRIPRO- Tridax Procumbens, 

PLUCAR- Pluchea carolinensis, CHAHIR- Chamaesyce hirta, CENCIL- Cenchrus ciliaris, INDSUF- Indigofera suffruticosa, MELREP- Melinis repens, 

VULBRO- Vulpia bromoides, CONBON- Conzya bonariensis, NICGLA- Nicotiana glauca, SENMAD- Senecio madagascariensis, MOMCHA- Momordica 

charantia, CHANIC- Chamaecrista nictitans, PORPIL- Portulaca Pilosa, NICGLA- Nicotiana glauca.   

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

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

LT5 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 78.5 100

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 72.5 100

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 73.5 100

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 77.5 100
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 23.5 100

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

O43 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

O44 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 seeded species. Abbreviations: LT- long-term weed management, ST-

short-term weed management, O- outside WDFI Preserve, DODVIS- Dodonaea viscosa, CHEOAH- Chenopodium 

oahuense, SIDFAL- Sida fallax, ERYSAN- 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

LT5 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

O43 0 0 0 0

O44 0 0 0 0  
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APPENDIX I I . PHOTO POINT  DATA   

Long-term Weed Management Treatment Quadrats 1- 30 

 

Figure 13: Quadrat 1 

 

Figure 14: Quadrat 2 
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Figure 15: Quadrat 3 

 

Figure 16: Quadrat 4 
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Figure 17: Quadrat 5 

 

Figure 18: Quadrat 6 
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Figure 19: Quadrat 7 

 

Figure 20: Quadrat 8 
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Figure 21: Quadrat 9 

 

Figure 22: Quadrat 10 
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Figure 23: Quadrat 11 

 

Figure 24: Quadrat 13 
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Figure 25: Quadrat 14 

 

Figure 26: Quadrat 15 
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Figure 27: Quadrat 16 

 

Figure 28: Quadrat 17 
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Figure 29: Quadrat 18 

 

Figure 30: Quadrat 19 


