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Abstract 

Invasive wild ungulates pose significant ecological and economic challenges worldwide, 

particularly in island ecosystems where the absence of large predators exacerbates their impacts. 

Across the Hawaiian Islands, wild ungulates such as axis deer (Axis axis), mouflon sheep (Ovis 

musimon), feral goats (Capra hircus), and wild pigs (Sus scrofa) contribute to overgrazing, 

habitat degradation, and impacts to agricultural production. While their effects on native 

ecosystems are well-documented, less is known about their influence on forage availability in 

ranchlands and how their distribution aligns with land management designations. This thesis 

examined the relationship between wild ungulate abundance, forage availability, and land-use 

classifications across the Hawaiian Islands. We investigated how wild ungulate presence affects 

forage loss and plant community composition using game cameras, exclusion cages, and 

vegetation surveys. Results indicate that while elevation is the primary driver of forage 

availability, wild ungulate detections were associated with reduced vegetation biomass at many 

sites, consistent with rancher concerns regarding overgrazing by wild ungulates. We analyzed 

predicted wild ungulate abundance across Sensitive Conservation Areas, Priority Hunting Areas, 

and Other Areas. Findings suggested that on the islands of Hawaiʻi and Maui, wild pigs and 

mouflon sheep are more abundant in conservation lands, while axis deer are more prevalent in 

agricultural and private lands, highlighting key areas for management intervention. These 

findings provide insights into the ecological impacts of wild ungulates on ranchlands and 

conservation areas, emphasizing the need for targeted, landscape-scale management strategies 

for invasive wild ungulates that achieve biodiversity conservation and sustainable agriculture 

goals. 
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Chapter 1: Introduction 

Invasive wild ungulates pose significant ecological and economic challenges worldwide, 

but particularly in island ecosystems, with impacts on both native and agriculture lands (K. 

Kramer et al., 2006; Risch et al., 2022; Thinley et al., 2017; Widén et al., 2023). These species 

contribute to habitat alteration and biodiversity loss, resulting in cascading ecosystem effects. In 

Hawaiʻi, ungulates such as axis deer (Axis axis), mouflon sheep (Ovis musimon), feral goats 

(Capra hircus), and wild pigs (Sus scrofa) are widespread, influencing both conservation areas 

and agricultural lands (Duffy & Lepczyk, 2021; Lepczyk & Duffy, 2019; Li, 2020). Overgrazing 

by these species reduces vegetation on the landscape, increases sediment runoff, and facilitates 

the spread of invasive plant species, ultimately threatening the sustainability of ranching and 

native ecosystems (Weller et al., 2011, 2018). Despite widespread recognition of these impacts, a 

key research gap remains in understanding how wild ungulates affect forage resources in 

ranchlands and how their distribution varies across different land-use classifications (Marchiori 

et al., 2012; Shwiff et al., 2024). Addressing these gaps is critical for informing management 

strategies that accounts for land managers goals to sustain Hawaiʻi’s ecosystems. 

Chapter 2 of this thesis examined the relationship between wild ungulate presence and 

forage availability across ranchlands on the island of Hawaiʻi and Maui. Using a combination of 

game cameras, grazing exclusion cages, and vegetation surveys, this study quantified how wild 

ungulate activity correlates with changes in plant biomass and identified key environmental 

drivers that influence forage availability. By assessing wild ungulate preferences in plant 

communities and determining whether their presence significantly reduces forage, this chapter 

provides insight into how ungulates affect the sustainability of ranching operations. 



2 
 

Beyond direct impacts on vegetation, understanding how wild ungulates are distributed 

across different land-use designations is critical for effective management. Land parcels in 

Hawaiʻi are designated and managed for various purposes, including conservation and hunting 

with different management priorities. While conservation areas aim to protect native ecosystems, 

hunting areas are managed to allow persistence of game animal populations. Chapter 3 evaluated 

predicted wild ungulate abundance across different land management classifications using spatial 

models from Risch et al. 2020, 2022, and 2025 with GIS layers from the Hawaiʻi Statewide GIS 

Program. By analyzing wild distribution in relation to land-use designations, this chapter 

identified areas where these species are most abundant under unmanaged conditions and assessed 

whether “Sensitive Conservation Areas”, “Priority Hunting Areas”, or “All Other Areas” are 

disproportionately impacted. Statistical analyses compared predicted abundance across land 

types, revealing patterns that can inform targeted management strategies, such as fencing and 

removal. Together, these findings offer a comprehensive understanding of how wild ungulates 

interact with both vegetation availability and land-use designations, providing valuable 

information for managers. 
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Chapter 2 

Wild Ungulate Impacts on Ranchlands in the Hawaiian Islands 

Abstract 

 Invasive wild ungulates pose significant global concerns due to their impact on 

ecosystem functions and competition with native species. Many island systems lack large native 

predators to control wild ungulate populations, which intensifies these adverse effects, 

particularly on agricultural lands. Across the Hawaiian Islands, approximately one million acres 

of ranchland are dedicated to beef production, yet the overabundance of axis deer (Axis axis), 

mouflon sheep (Ovis musimon), and feral goats (Capra hircus) has led to overgrazing, increased 

sediment runoff, the proliferation of invasive plants, and declining ecosystem health—

threatening the sustainability of generational ranching. This study examined the relationship 

between the abundance of wild ungulates and the availability of forage on ranchlands across the 

islands of Hawaiʻi and Maui. Additionally, we assessed wild ungulate preferences in plant 

community composition. We employed game cameras, grazing exclusion cages, and line-transect 

sampling to measure wild ungulate detections, vegetation loss, and plant community 

composition. Elevation emerged as the primary environmental driver describing the availability 

of forage both with (AICc = 1885.8, weight = 0.53) and without wild ungulate presence (AICc = 

3688.11, weight = 0.36), with models including grazing ungulates as a comparable alternative 

(ΔAICc = 0.51, weight = 0.28). While higher wild ungulate detections were associated with 

reduced plant biomass, the relationship was not statistically significant (p = 0.26). Wild 

ungulates were detected across all plant community types, consistent with their generalist and 

highly adaptable nature. Although wild ungulate presence was not the top predictive model, 

vegetation loss was recorded at 66% of study sites, aligning with recent reports from ranchers. 

These findings underscore the ecological impact of wild ungulates on forage resources, highlight 



4 
 

their widespread expansion across ranchlands, and emphasize the need for site-specific 

management strategies to mitigate their effects. 

 

Introduction 

Invasive wild ungulates negatively impact native ecosystems and agricultural lands 

(Kardol et al., 2014; Leopold & Hess, 2017; Shwiff et al., 2024; Valente et al., 2020; Widén et 

al., 2023), but how these impacts translate into the loss of vegetative biomass remains less 

understood. Across many ecosystems, invasive ungulates cause widespread damage through their 

feeding behaviors, trampling, and other disturbances, but quantifying these effects in terms of 

vegetation biomass and forage loss remains challenging (Mysterud, 2006; Rong et al., 2014; 

Wiesmair et al., 2017). For agricultural lands, the consequences are equally dire, as invasive 

ungulates often consume or destroy crops, reduce the availability of forage for livestock, and 

degrade land productivity (Francesco et al., 2019; Marchiori et al., 2012; Valente et al., 2020; 

Widén et al., 2022, 2023). Globally, the presence of invasive ungulates has led to economic 

losses and increased costs for land management and restoration (Drimaj et al., 2023; Gordon et 

al., 2004; Khattak et al., 2022; Sorensen et al., 2015). Quantifying these effects is critical for 

understanding the scale of the problem and for designing targeted management strategies to 

mitigate their impacts.   

Island ecosystems are highly vulnerable to the impacts of invasive ungulates due to their 

evolutionary isolation and the presence of species that lack adaptations to grazing pressure (Fritts 

& Rodda, 1998; Reaser et al., 2007; Vourc’h et al., 2001; Yelenik, 2018). In places like the 

Hawaiian Islands and Galápagos Islands, invasive ungulates have dramatically altered native 

plant communities, often favoring the spread of invasive plants and resulting in potentially 
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irreversible changes to the landscape (Cruz et al., 2009; Duffy & Lepczyk, 2021). Impacts 

include overgrazing (Leopold & Hess, 2017), altering plant species composition (Banko et al., 

2013; DiTomaso et al., 2010), and causing soil erosion (Cole & Litton, 2014; Spear & Chown, 

2009). This loss of ground cover prevents rainwater catchment within watersheds (Dunkell et al., 

2011) and runoff leads to sedimentation of coral reefs, harming coastal health (Strauch et al., 

2016).  

In the Hawaiian Islands, ungulates were introduced over several centuries, with some 

species brought as livestock and others for game purposes (Duffy & Lepczyk, 2021; Hess, 2016; 

Tomich, 1986). With no natural predators except humans, these populations have proliferated in 

the warm climate of these semi-tropical islands (Sinclair, 2023), causing significant harm to 

native habitats and agricultural lands (Hess et al., 1999; Shwiff et al., 2024; Weller et al., 2011). 

While the ecological impacts of wild ungulates have been well documented, their effects on 

agricultural lands remain understudied in the Hawaiian Islands (Li, 2020). In particular, few 

studies have quantified the extent of forage loss attributable to wild ungulates in the Hawaiian 

Islands, leaving significant gaps in our ability to predict and manage these impacts.  

Ranchlands in the Hawaiian Islands provide an ideal system to explore these 

relationships. Across the Hawaiian islands, 20% (765,579 acres) of land is dedicated to ranching 

(Perroy & Collier, 2020). Ranching has been culturally significant since the introduction of the 

paniolo (Hawaiian cowboy) tradition in the 1800s and continues to be a generational livelihood 

(Spickard, 2000). The sustainable management of cattle on these lands is essential for grassland 

management, watershed protection, and food security (Bremer et al., 2021). However, even with 

practices like rotational grazing and intensive water management, wild ungulates have reportedly 

degraded managed grasslands, forcing ranchers to reduce their livestock by 25–30% (pers. 
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comm. Greg Friel and Kristin Mack-Almasin). This dual impact on ecosystems and ranch 

operations underscores the urgent need for solutions. In this study, we investigated the 

relationship between wild ungulate relative abundance and forage loss on ranchlands on the 

islands of Hawaiʻi and Maui, focusing on vegetation biomass and cover by species. We 

addressed the following questions: (1a) Which environmental drivers, such as rainfall and 

elevation, influence forage production on ranchlands with and without wild ungulate grazing? 

(1b) If wild ungulates have an influence on forage production, what is the direct relationship to 

forage loss? (2) Does the vegetation cover composition influence the predicted abundance of 

wild ungulates on ranchlands? 

 
Figure 2.1. Wild ungulate species across the Hawaiian Islands and timeline of historical 
introductions from Shwiff et al. 2024. All wild ungulates are introduced and have become 
invasive in Hawaiʻi with no natural predators besides humans (Duffy & Lepczyk, 2021). 
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Methods 

Study Area. A variety of ungulates have been introduced across the Hawaiian Islands, 

with multiple species present on the two islands included in this study: Hawaiʻi and Maui. On the 

island of Hawaiʻi, wild pigs (puaʻa; Sus scrofa), mouflon sheep (Ovis musimon), feral sheep 

(Ovis aries), and feral goats (Capra hircus) have naturalized populations (Duffy & Lepczyk, 

2021). The island of Maui hosts populations of wild pigs, axis deer (Axis axis), and feral goats 

(Figure 1). Wild pigs are commonly found in multiple ecosystems and are drawn to areas with 

supplemental food resources or fruiting trees, and are generalist feeders (Eisenberg 1981; 

Nogueira-Filho et al. 2009; Risch et al. 2022). On the island of Hawaiʻi, wild pigs are commonly 

found in native forests and grasslands (Nogueira-Filho et al., 2009; Stone, 1985); on Maui, they 

are concentrated in mid- to high-elevation forested areas (Risch et al., 2020). In grassland 

regions of Hawaiʻi Volcanoes National Park, grasses account for 50% of their diet (Baker, 1975). 

Feral goats are grazers and browsers depending on the availability of forage (Chynoweth et al., 

2013). On both islands, feral goats are often found in dry lowland areas that are sparsely 

vegetated and range from coastal to sub-alpine areas (Chynoweth et al., 2013; Risch et al., 2022). 

On the island of Hawaiʻi, mouflon sheep are concentrated around Mauna Kea and extend into the 

northern slopes of Mauna Loa (Ikagawa, 2013b; Judge et al., 2017a). Ikagawa (2013) estimated 

that mouflon occupy an area of 3,640 km², ranging from 550 meters in elevation to the summit of 

Mauna Kea (~3,660 meters). Axis deer on Maui are found in mid- to low-elevation shrublands 

and agricultural lands, with their range often overlapping with ranchlands (Risch et al., 2020). A 

survey conducted between late 2021 and early 2022 estimated a population of 46,743 axis deer, 

occupying 32% by area and occurring up to an elevation of 2,150 meters (Hess et al., 2022).   

https://www.zotero.org/google-docs/?broken=iJnFdV
https://www.zotero.org/google-docs/?broken=iJnFdV
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     Site locations. Four ranches agreed to host study sites, two on the island of Hawaiʻi 

and two on Maui, representing 47% of the total ranching area on the island of Hawai‘i and 42% 

of the total ranching area on Maui (Perroy & Collier, 2020). On the island of Hawaiʻi, Ranch A 

is located on the southeastern slope of the island. Ranch A consists of 29,000 acres of ranch land 

from sea level up to 5,000 ft and is part of a Cooperative Game Management Area (CGMA) 

which is a lease agreement with the State of Hawaiʻi Department of Land and Natural Resources 

(DLNR). Ranch A receives around 1,500 mm of annual rainfall. Ranch B is located in Waimea 

on the northern region of the island of Hawaiʻi. Ranch B consists of around 230,000 acres 

spanning from 2,000 to 8,000 feet above sea level and receives around 760 mm of annual 

rainfall. On Maui, Ranch C is located upcountry on the leeward slope of the Haleakalā volcano. 

This ranch consists of around 30,000 acres of land that range from sea level up to around 4,000 ft 

in elevation and annual rainfall spans from 430 mm to 4,750 mm. Ranch D is also located on the 

leeward slopes of Haleakalā. Ranch D contains around 18,000 acres of land, some of which are 

leased from the State of Hawaiʻi and private owners. Ranch D has an average annual rainfall of 

890 mm. 

 
Figure 2.2. Study locations on the islands of Hawai‘i (left) and Maui (right). Areas are 
generalized by moku (historic Hawaiian land division roughly correlating to watersheds) from 
the Hawai‘i Statewide GIS Program layer “Moku” for the privacy of the ranches. 
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Site selection. Survey locations were selected in coordination with the ranch managers in 

areas where managed livestock had been rotated out or were absent and where wild ungulates 

had been previously sighted. Survey points were then randomly selected within the parcel at a 

minimum of 100 meters apart. Due to accessibility considerations, points were in proximity to 

access roads. Research equipment (described below) was in the field for a minimum duration of 

thirteen days to minimize interference with rotational grazing operations.  

Wild Ungulate Detections. The following methods to capture the relative abundance 

index (RAI) for wild ungulates were derived from Risch et al. (2022). Each experimental plot 

consisted of six motion-activated game cameras (Bushnell Trophy Cams, Bushnell, Overland 

Park, KS) to detect wild ungulate activity. Cameras were arranged in a rectangular grid (two 

lines of three cameras), spaced 50 meters apart (Figure 2). Cameras were mounted onto nearby 

tree trunks when available or attached to t-posts anchored in the ground. To maximize the 

likelihood of detecting ungulates when they were in the area, cameras were angled toward areas 

with visible trails, tracks, or signs of damage. Cameras were set to take two consecutive photos 

after being triggered and then reset after three seconds.  

Photos were organized by ranch site, point, and camera. The object detection model 

MegaDetector (Microsoft, 2020) was used in conjunction with Timelapse 

(https://saul.cpsc.ucalgary.ca/timelapse/) to identify photos with animals (Celis et al., 2024; 

Fennell et al., 2022; Leorna & Brinkman, 2022). Photo-viewing software Timelapse was used in 

conjunction with MegaDetector to manually classify animals by species     . In Timelapse, an 

episode is defined as a sequence of images captured within a specified time span, representing an 

event such as animal movement through the area. For this study, episodes were generated using a 

one-minute time threshold. The total number of individual animals within each episode was 

https://saul.cpsc.ucalgary.ca/timelapse/
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recorded and used to quantify relative abundance metrics. The highest number of individuals 

recorded within an episode was divided by the number of camera trap nights to calculate the 

relative abundance index (RAI) (O’Brien et al., 2003; Palmer et al., 2018).  

 
Figure 2.3. Example of a game camera (6) and grazing exclusion cage (3) arrangement at one 
site. Game cameras are set 50 meters apart on two imaginary transect lines while the grazing 
exclusion cages are set up on the outside and inside of the camera array.  
 

Grazing/biomass. Vegetation utilization by wild ungulates was quantified by comparing 

grazed areas (outside exclusion cages) to ungrazed areas (inside exclusion cages) (Bonham et al., 

2004; Klingman et al., 1943). Three individual one m² grazing exclusion cages were randomly 

placed along three transects: two outside the camera array and one within the array, at the start of 

each monitoring period. These exclusion cages remained in place for the duration of the game 

camera monitoring. Rainfall at each point was measured using rain gauges placed at one of the 

point's exclusion cages and measured at the end of the monitoring period. 

Forage biomass samples were collected from inside and outside the exclusion cages 

following methods adapted from Thorne and Stevenson (2007). A 0.22 m² (1.67 m 
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circumference) sampling hoop was randomly placed near each exclusion cage to collect samples 

from outside exclusion cages, and samples from inside exclusion cages were collected from the 

center of the exclusion cage. Both the exclusion cages and sampling hoops were positioned in 

areas with grassier vegetation or in areas representative of the predominant vegetation. 

Vegetation biomass was measured by clipping live vegetation at ground level within the hoop 

and weighing it in a paper bag using a spring scale to determine the mass of fresh vegetation. 

One sample was collected at the beginning of the survey period prior to placing cages, and at the 

end of the survey period three samples were collected from inside the exclusion cages and three 

from outside. To determine dry weight values, the vegetation samples were oven-dried at 65℃ 

for three days and then reweighed at facilities on each respective island. The dry weight 

measurements were converted to pounds per acre using hoop size conversion (dry weight grams 

x 40 = lbs/acre), and then to kilograms per hectare to estimate the average available forage 

production. Wild ungulate grazing pressure was calculated by determining the average difference 

in forage biomass (kg/hectare) between the inside and outside samples of each grazing exclusion 

cage at each point. All values were averaged at each point. The initial samples collected were 

compared to samples at the end of the survey to ensure the forage collection was within a 

reasonable range for data integrity.  

Plant Cover. At the start of the wild ungulate monitoring period, the line-point intercept 

method was conducted to assess ground cover. Three 100-meter transects were placed on the 

outsides and middle of the game camera array using a tape measure and at every meter, a pin was 

utilized to record the species at each intercept (100 points per transect) (Bonham et al., 2004; 

Elzinga et al., 1999). At every point, the number of detections of each species on a transect was 

averaged and converted into a percent cover and percent composition of foliar cover by species. 
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Each plant species was categorized by grass, forb, shrub, litter, or bare ground. Litter refers to 

dried and dead plant material, while bare ground is defined as any surface lacking plant cover, 

such as exposed soil or rock. Species were identified in the field using iNaturalist and confirmed 

using the Hawaiʻi Range & Pasture Field Identification Guide and Weed’s of Hawaiʻi’s Pastures 

and Natural Areas when possible (CTAHR: Weeds of Hawaii’s Pastures and Natural Areas; An 

Identification and Management Guide, n.d.; Hawaii/Pacific Islands Area | Field Office Technical 

Guide | NRCS - USDA, n.d.; iNaturalist, 2024). For each transect, the elevation and compass 

direction were recorded.  

Analysis. As wild ungulate community composition varies by island and location (Duffy 

& Lepczyk, 2021; Tomich, 1986), we grouped ungulates for analysis by either “all ungulates” or 

“grazing ungulates” for subsequent analyses; if the number of detections of a wild ungulate 

species was adequate, we also ran individual models for each species. 

The following analyses were conducted in R 4.1.1 (R Core Development Team, 2021). A 

linear mixed-effects model was implemented using the lme4 package to assess the relationship 

between forage samples inside the exclusion cage (kg/ha) and the fixed effects of rainfall and 

elevation, with site included as a random effect. To identify the best-fit model among all possible 

combinations, the MuMIn package was used to rank models based on Akaike’s Information 

Criterion (AIC) (Bartoń, 2023). The same approach was applied to examine the relationship 

between forage samples inside and outside the exclusion cage (kg/ha), with fixed effects of wild 

grazing ungulates RAI (feral goats, feral sheep, axis deer, and mouflon sheep), rainfall, and 

elevation, and site as a random effect. Forage samples inside the exclusion cage were assigned an 

RAI of zero, as they represent forage availability without exposure to wild ungulates. 
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To further assess wild ungulate relationships with forage availability, a linear regression 

analysis was conducted using the stats package to examine the relationship between average 

forage biomass loss (kg/ha) and RAI, including all wild ungulate species detected across islands 

(wild pigs, feral goats, axis deer, feral sheep, and mouflon sheep).  

To evaluate the relationship between grazing wild ungulates RAI and percent cover of 

grass, forb, shrub, litter, bare ground, and rainfall, a Generalized Linear Model (GLM) 

framework was used. Model selection was performed using the glmulti package which 

automated model selection based on AIC values and Akaike’s weights (Calcagno & de 

Mazancourt, 2010).  

To assess the relationship between forage production and the presence of wild ungulate 

species, a linear mixed-effects model was fit using the nlme package. Forage production (kg/ha) 

was the response variable, and the dominant wild ungulate species was included as a fixed 

categorical predictor. Species categories included axis deer, feral goats, mouflon sheep, wild 

pigs, and a “none” category representing the forage samples without wild ungulate exposure 

(inside the exclusion cage). For each forage sample collected outside an exclusion cage, the wild 

ungulate species with the highest RAI at the corresponding site was assigned as the dominant 

species. The “none” category consisted of forage samples collected from within exclusion cages, 

which were not exposed to wild ungulates. To account for variation among sampling locations, 

"site" was included as a random effect. Model predictions were visualized using ggplot2, and 

standard errors were calculated from the variance-covariance matrix of the fixed effects to 

generate 95% confidence intervals.  
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Results 

Surveys were conducted from June 2023 to March 2024. In 2023, a total of 17 sites were 

surveyed: 5 on Hawai'i Island and 12 on Maui. In 2024, 18 sites were surveyed: 10 on Hawai‘i 

Island and 8 on Maui. In total, 15 sites on Hawai‘i island and 20 sites on Maui were surveyed. 

Three sites at Ranch D were retrieved after the 13-day period due to the catastrophic fires that 

began on Maui on August 8, 2023; these sites were not affected by the fires. Additionally, two 

study sites were established in fire-affected areas at Ranch C following a wildfire event. 

On the island of Hawaiʻi where there are populations of wild pigs, mouflon sheep, feral 

sheep, and feral goats we detected all species except the feral sheep. Wild pigs were detected at 

73% of the sites (n = 11), with 368 photos captured, 50 episodes recorded, and a maximum group 

size of 3 individuals. mouflon sheep were also detected at 73% of the sites (n = 11), with 11,190 

photos, 1,516 episodes, and a maximum group size of 52 individuals, the highest recorded 

species detected on the island of Hawaiʻi. Feral goats were expected to be seen at 27% of sites (n 

= 4) based on distribution models but were only detected at 13% of sites (n = 2), with a total of 

92 photos taken, 5 episodes, and a maximum group size of 15 individuals.  

On Maui, all expected wild ungulates were detected including wild pigs, feral goats, and 

axis deer. Wild pigs were detected at 75% of the sites (n = 15), with 3,336 photos, 176 episodes, 

and a maximum group size of seven individuals. Feral goats were found at 5% (n = 1) of the 

sites, consistent with expectations based on species distribution models, resulting in 1,622 

photos, 179 episodes, with a maximum group size of 6. Axis deer were detected at 95% of the 

sites (n = 19), generating a substantial 92,152 photos. There were 4,637 episodes recorded and 

the maximum group size for axis deer was 127 individuals, the highest recorded across all sites. 
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Table 2.1. Detections of wild ungulates on the island of Hawai‘i and Maui. On the island of 
Hawai‘i, detections include wild pigs, feral goats, mouflon sheep, and feral sheep, while on 
Maui, detections include wild pigs, feral goats, and axis deer. For each wild ungulate species, the 
table presents the number of sites where they were detected, the total number of photos, the 
number of episodes (defined as a sequence of photos captured within a one-minute time span), 
and the maximum group size observed in a single photo. 

Island 
Common 

Name 
Scientific 

Name 
# of Sites 

(%) # of Photos Episodes 
Max Group 

Size 
Hawai'i 
 
 
 
 
 
 
 
Maui 

 
Wild Pig Sus scrofa 11 (73%) 368 50 3 
Feral Goat Capra hircuws 2 (13%) 92 5 15 
Mouflon 
Sheep Ovis musimon 11 (73%) 11190 1516 52 
Feral Sheep Ovis aries 0 (0%) 0 0 0 
 
Wild Pig Sus scrofa 15 (75%) 3336 176 7 

 Feral Goat Capra hircuws 1 (5%) 1622 179 6 
Axis Deer Axis axis 19 (95%) 92152 4637 127 

 

A linear mixed-effects model was fitted to assess the effects of elevation (m) and rainfall 

(mm) on forage production (kg/ha) for samples collected from inside exclusion cages (i.e., 

without exposure to wild ungulates), with site included as a random intercept. Model selection 

revealed that the top model included only elevation (m) as a fixed effect, with site as a random 

effect (Table 2; AICc = 1885.79 weight = 0.53), while models incorporating rainfall received 

less support (ΔAICc ≥ 1.91). The following linear mixed-effects model evaluated the effects of 

elevation (m), rainfall (mm), and wild ungulate abundance (RAIgrazing) on forage production 

(kg/ha) across all samples, including those from both inside and outside exclusion cages. 

Elevation was identified as the strongest predictor of forage production through model selection 

(Table 3; AICc = 3688.11, weight = 0.36). The second-best model, which included both 

elevation and RAIgrazing, received similar support (Table 3; ΔAICc = 0.51, weight = 0.28). 
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Table 2.2. Summary of linear mixed-effects model results for the effect of elevation (m) and 
rainfall (mm) on forage production (kg/ha) without exposure to wild ungulates (samples from 
inside exclusion cage) with random intercept for site. The top model was elevation (AICc = 
1885.79 weight = 0.53), with other models showing less support (ΔAICc ≥ 1.91). 
Model AICc delta weight 
Forage ~ Elevation + (1|Site) 1885.79 0.00 0.53 
Forage ~ 1 + (1|Site) 1887.70 1.91 0.20 
Forage ~ Elevation + Rainfall + (1|Site) 1888.00 2.21 0.18 
Forage ~ Rainfall + (1|Site) 1889.44 3.65 0.09 
 
Table 2.3. Summary of linear mixed-effects model results for the effect of elevation (m), rainfall 
(mm), and wild ungulate abundance (RAIgrazing) on forage production (kg/ha) with and without 
the exposure to wild ungulates (all samples from inside and outside exclusion cages) with 
random intercept for site. The top model was elevation (AICc = 3688.11, weight = 0.36) with the 
second model adding RAIgrazing (ΔAICc = 0.51, weight = 0.28) showing additional support as a 
predictor of forage production. 
Model AICc delta weight 
Forage ~ Elevation + (1|Site) 3688.11 0.00 0.36 
Forage ~ Elevation + RAIgrazing + (1|Site) 3688.62 0.51 0.28 
Forage ~ Elevation + Rainfall + (1|Site) 3690.04 1.93 0.14 
Forage ~ Elevation + RAIgrazing + Rainfall + (1|Site) 3690.52 2.42 0.11 
Forage ~ 1 + (1|Site) 3692.16 4.05 0.05 
Forage ~ RAIgrazing + (1|Site) 3692.77 4.67 0.03 
Forage ~ Rainfall + (1|Site) 3694.02 5.92 0.02 
Forage ~ RAIgrazing + Rainfall + (1|Site) 3694.69 6.58 0.01 
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Figure 2.4. The top left graph shows the top model for forage production from samples inside the 
exclusion cage plotted against elevation (Estimate = 0.44, t = 2.08, p = 0.05). The bottom left is 
the top model for all forage samples, where elevation is the sole fixed predictor of forage 
production (Estimate = 0.49, t = 2.59, p = 0.01). The bottom right graph displays the second-best 
model for all forage samples, illustrating forage production as a function of the relative 
abundance of wild grazing ungulates (RAIgrazing) (Estimate = -15.96, t = -1.27, p = 0.21). 

 

Linear regressions were utilized to assess relationships between average vegetation 

biomass (kg/ha) and wild ungulate RAI. Feral goats and feral sheep were not assessed 

individually as they occurred at none or at a small number of sites (Table 2.1). The relationship 

between wild ungulates RAI and the forage loss showed a slight positive trend (Figure 2.5; 

Intercept = 212.43, SE = 183.92; Slope = 17.79, SE = 15.49, t = 1.15, R² = 0.04). On the island 

of Hawaiʻi there was a negative trend between the total wild ungulates detected and forage loss 

(Figure 2.6; Intercept = 234.57, SE = 248.08; Slope = -50.44, SE = 30.47, t = -1.66, R2 = 0.17) 
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and Maui had a positive relationship between the total ungulates detected and forage loss (Figure 

2.6; Intercept = 446.18, SE = 235.34; Slope = 25.41, SE = 16.77, t = 1.52, R2 = 0.17). For 

mouflon sheep on the island of Hawaiʻi, there was a negative relationship between RAI and 

forage loss (Figure 2.6; Intercept = 352.35, SE = 376.84; Slope = -61.86, SE = 39.94, t = -1.55, 

R2 = 0.11). There was a positive relationship between the RAI of axis deer and forage loss 

(Figure 2.6; Intercept = 451.57, SE = 231.78; Slope = 25.72, SE = 16.64, t = 1.55, R2 = 0.11).  

 
Figure 2.5. Linear regression of average forage loss (kg/ha) (inside exclusion cage – outside 
exclusion cage) as a function of total wild ungulate relative abundance index (RAI), which 
includes wild pigs, feral goats, axis deer, and mouflon sheep across all sites on Hawaiʻi Island 
and Maui (Intercept = 212.43, SE = 183.92; Slope = 17.79, SE = 15.49, t = 1.15, R² = 0.04), but a 
slight positive trend is observed.  
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Figure 2.6. Linear regressions of the average forage loss (kg/ha) (inside exclusion cage – outside 
exclusion cage) and the relative abundance index (RAI) of wild ungulates an estimation of the 
number of wild ungulates detected. The two top panels show the relationship for all detected 
wild ungulates, including wild pigs, feral goats, and mouflon sheep on the island of Hawaiʻi 
(Intercept = 234.57, SE = 248.08; Slope = -50.44, SE = 30.47, t = -1.66, R2 = 0.17) and wild pigs, 
feral goats, and axis deer on Maui (Intercept = 446.18, SE = 235.34; Slope = 25.41, SE = 16.77, t 
= 1.52, R2 = 0.17). The bottom panels display species-specific relationships, with mouflon sheep 
on the island of Hawaiʻi (Intercept = 352.35, SE = 376.84; Slope = -61.86, SE = 39.94, t = -1.55, 
R2 = 0.11) and axis deer on Maui (Intercept = 451.57, SE = 231.78; Slope = 25.72, SE = 16.64, t 
= 1.55, R2 = 0.11). 

 

Plant species were organized by functional group (grass, forb, shrub, and lichen) see 

Table A1 Appendix A. The automated model selection using the glmulti function evaluated 32 

models of all possible combinations of wild grazing ungulates relative abundance (RAIgrazing) 

with predictor variables: grass, forb, shrub, bare ground cover, and rainfall. The model with the 

lowest AIC value was the null model (RAIgrazing  ~ 1) with an AIC of 261.62 and 0.091 weight 
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(Table 4), indicating that none of the predictor variables had a significant effect on the relative 

abundance of wild grazing ungulates across study sites (weights = 0.0005 - 0.091).  

Table 2.4. Generalized linear model result of all possible combinations of RAIgrazing (wild grazing 
ungulates detected: axis deer, mouflon sheep, feral goats) with predictor variables grass, forb, 
shrub, bare ground percent cover, and rainfall.  
Model AIC Weight 
RAIgrazing ~ 1 261.62 0.091 
RAIgrazing ~ 1 + Shrub 261.74 0.086 
RAIgrazing ~ 1 + Forb 262.15 0.070 
RAIgrazing ~ 1 + Forb + Shrub 262.18 0.069 
RAIgrazing ~ 1 + Shrub + Rainfall 262.60 0.056 
RAIgrazing ~ 1 + Rainfall 262.84 0.049 
RAIgrazing ~ 1 + Bare ground 263.04 0.045 
RAIgrazing ~ 1 + Grass + Shrub 263.26 0.040 
RAIgrazing ~ 1 + Forb + Shrub + Rainfall 263.40 0.037 
RAIgrazing ~ 1 + Grass 263.59 0.034 
RAIgrazing ~ 1 + Forb + Rainfall 263.67 0.033 
RAIgrazing ~ 1 + Shrub + Bare ground 263.74 0.032 
RAIgrazing ~ 1 + Grass + Forb 263.82 0.030 
RAIgrazing ~ 1 + Bare ground + Rainfall 263.86 0.030 
RAIgrazing ~ 1 + Forb + Bare ground 263.88 0.029 
RAIgrazing ~ 1 + Grass + Forb + Shrub 264.11 0.026 
RAIgrazing ~ 1 + Forb + Shrub + Bare ground 264.11 0.026 
RAIgrazing ~ 1 + Grass + Shrub + Rainfall 264.42 0.022 
RAIgrazing ~ 1 + Shrub + Bare ground + Rainfall 264.52 0.021 
RAIgrazing ~ 1 + Grass + Rainfall 264.63 0.020 
RAIgrazing ~ 1 + Grass + Bare ground 264.64 0.020 
RAIgrazing ~ 1 + Grass + Shrub + Bare ground 264.75 0.019 
RAIgrazing ~ 1 + Grass + Forb + Rainfall 265.04 0.016 
RAIgrazing ~ 1 + Forb + Bare ground + Rainfall 265.13 0.016 
RAIgrazing ~ 1 + Grass + Forb + Shrub + Rainfall 265.40 0.014 
RAIgrazing ~ 1 + Forb + Shrub + Bare ground + Rainfall 265.40 0.014 
RAIgrazing ~ 1 + Grass + Bare ground + Rainfall 265.69 0.012 
RAIgrazing ~ 1 + Grass + Forb + Bare ground 265.82 0.011 
RAIgrazing ~ 1 + Grass + Shrub + Bare ground + Rainfall 265.91 0.011 
RAIgrazing ~ 1 + Grass + Forb + Shrub + Bare ground 266.10 0.010 
RAIgrazing ~ 1 + Grass + Forb + Bare ground + Rainfall 267.03 0.006 
RAIgrazing ~ 1 + Grass + Forb + Shrub + Bare ground + 
Rainfall 267.40 0.005 
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 A linear mixed-effects model was used to assess differences in predicted forage 

production (kg/ha) by wild ungulate species presence. The model revealed that forage production 

was significantly lower at sites dominated by axis deer compared to ungulate-free exclusion plots 

(Table 2.5; β = –686.09, SE = 244.70, p = 0.0056). Predicted forage production was highest in 

areas without wild ungulate exposure (“none”), with an estimated mean of 2808.76 ± 262.28 

kg/ha. Among the species, plots dominated by axis deer had the lowest predicted forage 

production (2122.66 ± 310.22 kg/ha), followed closely by feral goats (2127.60 ± 363.19 kg/ha). 

Wild pigs were associated with the highest predicted forage production among the wild ungulate-

exposed plots, estimated at 3615.92 ± 1024.31 kg/ha along with mouflon sheep (2929.26 ± 

613.61 kg/ha). These predictions reflect species-specific differences in grazing pressure relative 

to ungulate-free conditions. 

Table 2.5. Summary of fixed effects from the linear mixed-effects model assessing predicted 
forage production (kg/ha) across wild ungulate species. The model includes “site” as a random 
effect. The reference category is forage samples collected inside exclusion cages with no wild 
ungulate exposure (“none”). Estimates represent the difference in predicted forage production 
relative to this baseline. 

Predictor Estimate Std. Error DF t-value p-value 

None 2808.76 262.28 171 10.71 <0.001 

Axis deer –686.09 244.7 171 –2.80 0.0056 

Mouflon sheep 120.49 309.12 171 0.39 0.6972 

Feral goat –681.16 583.23 171 –1.17 0.2445 

Wild pig 807.15 1006.41 171 0.8 0.4237 
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Figure 2.7. Predicted forage production (kg/ha) across wild ungulate species categories based on 
a linear mixed-effects model with "Site" as a random effect. Forage production was lowest in 
areas dominated by axis deer and feral goats when compared to forage production without 
exposure to wild ungulates (“none”) and highest in areas dominated by wild pigs and mouflon 
sheep. Error bars represent ±1 standard error of the predicted means. 
 
Discussion 

 This is the first field study to examine the relationship between forage loss and wild 

invasive ungulates on ranchlands in the Hawaiian Islands. We found substantial vegetation loss 

at 66% of the study sites, consistent with substantial losses reported by ranchers in a recent study 

of economic impacts on livestock production (Shwiff et al. 2025). Further, wild ungulates were 

detected at sites where ongoing impacts from drought and wildfires resulted in a lack of forage 

availability for livestock, suggesting that wild ungulates may continue to degrade pastures long 

after they are unsuitable for ranch production.  

Elevation emerged as the primary driver of forage production in both models, 

highlighting its strong influence on vegetation growth across sites (Table 2 & 3). The top model 
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for forage production inside exclusion cages included only elevation as a fixed effect, suggesting 

that, in the absence of wild ungulates, elevation has a strong impact on forage availability 

(Carlyle et al., 2014; Wu et al., 2024; Zhang et al., 2023). This is likely due to environmental 

differences at varying elevations such as temperature (K. Yang et al., 2022; Y. Yang et al., 

2023), soil fertility (Khosravi Aqdam et al., 2023), and vegetation structure (Bora et al., 2021; 

Han et al., 2022). The strong influence of elevation on forage production in this study aligns with 

findings from research on native plant cover and fire dynamics in Hawaiian ecosystems 

(D’Antonio et al., 2000). This study similarly identified elevation as the primary environmental 

driver of vegetation responses, whereas rainfall did not systematically explain variation in plant 

cover. When assessing forage production across all samples inside and outside exclusion cages, 

elevation remained the strongest predictor. 

Wild ungulate abundance appeared in the second-best model suggesting that grazing 

pressure may also influence forage availability, although to a lesser extent than elevation. This 

result aligns with previous studies demonstrating that wild ungulate grazing reduces forage 

biomass alongside other environmental factors (Frank et al., 2016; Ibañez-Alvarez et al., 2022; 

K. Kramer et al., 2006). The relatively close model weights between the top two models indicate 

some uncertainty regarding the relative influence of grazing compared to elevation, suggesting 

further investigation into potential interactions between these factors. Rainfall, while often 

considered a key factor in plant productivity (Gibson-Forty et al., 2016; Heisler-White et al., 

2009), did not significantly improve model performance (Table 2 & 3), but we note that there has 

been a multi-year drought which may have influenced study results at some sites due to severe 

soil alteration. 
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At sites where grazing ungulates were detected on the islands of Hawai‘i and Maui (n = 

32), 66% had forage loss (Appendix Table 2). Losses per site ranged from 74.72 kg/ha to 

1942.81 kg/ha in areas with preferred cattle forage. To put this into context, in two weeks 

ungulates consumed the food needed for between 6 and 161 animal units (AU) (450 kg cow) for 

one day assuming one AU consumes 12 kg of dry matter per day (Heitschmidt & Stuth, 1991; 

Holechek, 1989; Scarnecchia, 1990; USDA, 2003). These results align with reports of ranchers 

reducing stocking rates or no longer rotating cattle through certain pastures due to impacts from 

invasive wild ungulates (Shwiff et al. 2025).  

Multiple factors such as rainfall, drought, and soil health interact with wild ungulate 

abundance to affect forage availability for ranching. Additionally, some sites were in states of 

regrowth following fire damage (Ranch C, sites 3 and 4), were dominated by non-preferred 

vegetation (Ranch D sites 4 and 7), or lacked vegetation due to earlier impacts of wild ungulates 

and drought (Ranch C, site 4; Ranch D, site 10), likely influencing visitation rates by invasive 

wild ungulates. Despite these conditions, wild ungulates were present, suggesting their ability to 

persist in areas unsuitable for cattle, and exacerbating the continued alteration of pastureland.  

Wild grazing ungulates (feral goats, axis deer and mouflon sheep), did not show a 

preference for specific vegetation types—such as grass, forbs, shrubs, or bare ground—and 

rainfall was not a significant predictor of their relative abundance. These findings suggest that 

these introduced wild grazing ungulates are opportunistic generalists, highly adaptive to varying 

environments (Barroso et al., 2000; Freschi et al., 2021; Newman et al., 1995; Rogosic et al., 

2007; White et al., 2023). Wild ungulates may also be limited in their ability to move to areas 

with preferred vegetation due to barriers such as fencing or urban development.  
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Undesirable plant species covered more than 25% of pasture area at 31% of sites (11 out 

of 35 sites) (Hawaii/Pacific Islands Area | Field Office Technical Guide | NRCS - USDA, n.d.). 

Fireweed (Senecio madagascariensis), a known invasive and toxic pasture weed, was present at 

69% of sites (24 out of 35 sites) (Haselwood et al. 1983, Le Roux 2010). These weeds compete 

with preferred grasses such as Kikuyu grass (Pennisetum clandestinum) (Fukumoto & Lee 

2003). Due to unwanted grazing pressure from wild ungulates on ranchlands, grasses become 

suppressed, allowing noxious weeds and toxic forbs to grow in place (Leopold & Hess 2016, 

Perkins et al. 2018). Additionally, 11% of sites (4 out of 35 sites) had bare ground cover 

exceeding 35%, suggesting a shift toward highly altered pastureland and soil erosion.  

Predicted forage production was significantly lower in areas dominated by axis deer 

compared to forage production without exposure to wild ungulates, indicating a measurable 

impact of this species on forage availability. Specifically, axis deer were associated with a 686 

kg/ha reduction in predicted forage production relative to protected areas. Feral goats also 

showed reduced forage production, with a difference of 681 kg/ha compared to forage 

production without exposure to wild ungulates, although this difference was not statistically 

significant. These findings suggest that both axis deer and feral goats may exert consistent 

grazing pressure that suppresses forage recovery, and therefore these species may have the most 

impact on ranches. In contrast, forage production in areas with mouflon sheep and wild pigs was 

not significantly different from ungulate-free areas, and in some cases, predicted forage was even 

higher. This unexpected pattern may reflect site-specific environmental factors, such as higher 

rainfall, soil fertility, or less recent grazing pressure. These results emphasize the importance of 

considering both species-specific impacts and local site conditions when evaluating wild 

ungulate effects on rangeland productivity. Previous studies have indicated that grazers reduce 
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forage production and cause significant vegetation damage when overabundant or introduced 

(Marchiori et al., 2012). These findings highlight the need for targeted management strategies for 

the wild ungulate species that are of greatest impact on ranches.  

Study limitations included relatively small sample sizes for feral goats and feral sheep 

(Table 2.1). Additionally, the short data collection period (two weeks), limited by rotational 

grazing schedules, likely captured only a snapshot of the complex interactions between wild 

ungulates and vegetation, potentially missing seasonal variations in forage dynamics or wild 

ungulate behavior. Ranchers have observed ungulates moving away from certain areas after 

heavy rainfall (pers. Comm. Lani Petrie.). Future studies should address these limitations by 

increasing the number of study sites, extending data collection across multiple seasons, and 

integrating data such as GPS tracking of wild ungulate movement, vegetation recovery rates, and 

soil health metrics to provide a more comprehensive understanding of these interactions.  

Alongside the impacts caused by wild ungulates, climate change presents an additional 

and growing challenge for ranchers (Joyce et al., 2013; Ojima et al., 2020). As climate change 

progresses, environmental stressors such as rising temperatures, prolonged periods of drought, 

reduced rainfall, and increased risk of wildfires are expected to intensify (Briske et al., 2015; 

D’Adamo et al., 2021; Wonkka et al., 2019). These changes can impact forage growth, decrease 

pasture quality, and strain water resources—further complicating land and livestock management 

and increasing financial strains (Shwiff et al., 2024; Turner et al., 2024).  

This study advances understanding of the complex relationships between invasive wild 

ungulates and forage loss, and points toward interactions among ecological factors beyond wild 

ungulate abundance alone. Further, these results highlight the need for targeted removal of wild 

ungulates to reduce impacts to local ranch production. Long-term research is crucial to capture 
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the cumulative impacts of ungulates on forage loss and the environmental factors driving their 

movement, such as vegetation structure or rainfall patterns. Future studies should also explore 

wild ungulate impacts across diverse habitats, including native forests and agricultural crops, to 

develop effective management strategies for mitigating their widespread effects. 
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Chapter 3 

Invasive Ungulates in the Crosshairs: A Comparison of Management Goals and Predicted 
Abundance in the Hawaiian Islands 

 
Abstract 

Invasive wild ungulates are a major ecological and economic concern worldwide, as they 

contribute to habitat degradation, biodiversity decline, and agricultural losses. Across the 

Hawaiian Islands, non-native wild ungulates naturally vary in abundance based on environmental 

factors like vegetation and rainfall. Management goals also vary across landscapes, presenting 

challenges for coordinated efforts to mitigate wild ungulate impacts on endangered species. This 

study examined the relationship between predicted wild ungulate abundance and land 

management designations. We first categorized land parcels using layers from the Hawaiʻi 

Statewide GIS portal, including “TMK Parcel,” “State Land Use Districts,” and “Reserves,” 

classifying them as: (1) Sensitive Conservation Areas, (2) Priority Hunting Areas, or (3) Other 

Areas. We then used existing spatial models predicting the abundance of wild pigs (Sus scrofa), 

feral goats (Capra hircus), mouflon sheep (Ovis aries), axis deer (Axis axis), and black-tailed 

deer (Odocoileus hemionus columbianus) to estimate mean wild ungulate abundance in each 

parcel under unmanaged conditions. Statistical analyses (ANOVA with Tukey’s HSD post hoc 

tests, where appropriate) were conducted to determine whether predicted wild ungulate 

abundance differed across management areas. Results indicate that wild pigs had significantly 

lower predicted abundance in Other Areas compared to Sensitive Conservation Areas on Hawaiʻi 

Island (p < 0.001) and Maui (p = 0.002). On Maui, feral goats were more abundant in Priority 

Hunting Areas than in Sensitive Conservation Areas (p = 0.05). Axis deer were more abundant in 

Other Areas compared to Sensitive Conservation Areas (p < 0.001), while mouflon sheep had 

higher abundance in Sensitive Conservation Areas compared to both Priority Hunting Areas (p = 
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0.01) and Other Areas (p < 0.001). Additionally, mouflon sheep were more abundant in Priority 

Hunting Areas than in Other Areas (p = 0.05). These findings highlight areas where wild 

ungulates are predicted to be most abundant under natural conditions, providing insights into 

where targeted management strategies such as fencing and removal may be most needed if not 

currently implemented. The higher predicted abundance of wild pigs and mouflon sheep in 

conservation lands suggests that, in the absence of management, these areas will experience 

higher impacts from these species than other areas and highlights the importance of maintaining 

fencing and removal strategies. Conversely, the lower abundance of axis deer in conservation 

areas, combined with high abundance predictions in Other Areas, suggests that private, ranch, or 

agricultural lands are more likely to experience impacts from this species, aligning with current 

observations. Further investigation into landowner management objectives in areas not managed 

for game or conservation is essential for advancing collaborative management strategies for wild 

ungulates. 

 

Introduction 

Animals valued as game for food and recreational hunting have been introduced globally 

outside their historic ranges, providing predictable food resources for human communities but 

causing catastrophic ecological damage (Carpio et al., 2017; Comte et al., 2025). Today, policies 

often mandate contradictory management goals for these animals both as a food resource and as 

an invasive species, presenting social and environmental challenges for achieving these 

mandates. In the absence of complete eradication, differing management practices occur in a 

patchwork across the landscape, with some areas designated for hunting and others for 
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conservation, resulting in localized reductions or eradications, and still other areas with unclear 

objectives and/or a lack of active management.  

Collaborative management of invasive ungulates across landscapes is critical to restoring 

native ecosystems, sustainable agricultural production, and minimizing impacts to human health 

and survival (Ballari et al., 2019; Hughey & Hickling, 2006; Widén et al., 2023). Invasive feral 

pigs consume native species, engage in behaviors such as rooting which lead to soil erosion and 

contamination of water, and facilitate the spread of invasive species (Beasley et al., 2018; 

Nogueira-Filho et al., 2009; Risch et al., 2022; Strauch et al., 2016), leading to cascading trophic 

effects across native ecosystems (Cole & Litton, 2014; C. J. Kramer et al., 2024). Invasive 

ungulates decrease agricultural productivity by competing for forage, disrupting water pipes and 

other infrastructure, and directly predating on livestock (Bleier et al., 2017; Katayama et al., in 

prep; Shwiff et al., 2024; Thinley et al., 2017; Widén et al., 2023), threatening food production 

systems. Further, invasive ungulates can impact human health through the spread of diseases 

such as Brucellosis (Motsi et al., 2013; Muñoz et al., 2010), and car strikes (Beasley et al., 2014; 

Kim et al., 2023).  

In addition to hunting, diverse management tools to control invasive wild ungulates are 

available, and are typically selected based on land manager goals, cost, and policy (Martínez & 

Martín, 2017; Snow et al., 2024). Areas designated as ecologically sensitive may be fenced and 

invasive ungulates completely removed from inside the fenced area, providing ungulate-free 

zones in which native ecosystem restoration or agricultural production, for example, can take 

place (Hart et al., 2020; Hess, 2016; Kardol et al., 2014; Thinley et al., 2017). Other areas may 

be designated for hunting (e.g., game management areas), potentially contributing to food 

provisioning, recreational, and ecological goals (Kesch et al., 2015; Roekel et al., 2024). Further, 
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hunting for recreational, food provisioning, or commercial purposes may take place on private 

and public lands outside of designated hunting areas (Rowland et al., 2023; Small et al., 1991; 

Webb et al., 2011). Outside of fenced areas and designated hunting areas a variety of additional 

tools may be employed such as aerial shooting, poison baiting, snares or traps, and hormonal 

treatments (Cruz et al., 2009; Gürtler et al., 2023; Irvine & Thorley, 2024; Patton et al., 2007; 

Rubino & Williams, 2014). 

Decisions regarding which management tools to employ for invasive wild ungulate 

management should take into consideration not only the sensitivity of ecosystems and the 

efficacy of various removal and exclusion methods, but also the natural abundance of the 

invasive ungulates (Brondum et al., 2017; Ikagawa, 2013a), as this may influence the degree of 

effort required to achieve management goals. Wild ungulate abundance varies across the 

landscape based on factors such as rainfall, vegetation, temperature, and food availability (Risch 

et al., 2020, 2022, 2025). Hunters are likely to prefer the placement of designated hunting areas 

in locations with a high potential abundance of ungulates (Black & Jensen, 2018; Byrd et al., 

2017), providing an ecological benefit through reduced invasive wild ungulate populations by 

hunters. When ecosystems are particularly sensitive to invasive wild ungulates, fencing may be 

necessary to completely protect ecosystems from the impacts of ungulates, whether or not the 

invasive ungulates are in low or high abundance (Dobson et al., 2019). However, in sensitive 

areas with environmental characteristics that support a high carrying capacity of invasive 

ungulates, the incursion pressure on fences may be high, necessitating additional hunting or 

knockdown pressure outside of the fence to maintain an ungulate-free zone inside the fence. 

In this study we aimed to evaluate the relationship between known land management 

goals and the predicted natural abundance of wild ungulates in the absence of management. We 
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conducted this evaluation in the Hawaiian Islands where different islands contain varying 

assemblages of invasive wild ungulates (See Figure 1 from Chapter I). Similar to other regions 

around the world, these species are valued as food resources as well as for cultural and 

recreational purposes (Luat-Hū‘eu et al., 2021; Luat-Hū’eu et al., 2023), but also cause 

substantial damage to native species and ecosystems (Adams, n.d.; Anderson, 2003; Banko et al., 

2013; Hess et al., 2022; Mueller-Dombois & Spatz, 1975; Nogueira-Filho et al., 2009). State 

agencies are mandated to provide hunting opportunities, while simultaneously protecting native 

species and ecosystems. To achieve these potentially conflicting goals, sensitive areas are 

designated for fencing and local eradication, and less sensitive areas are designated for hunting. 

However, outside of areas specifically designated for fencing or hunting, management goals and 

actions to achieve them vary considerably.  

Within the past decade, relative abundance models were developed for the islands of 

Hawai‘i (feral pigs, mouflon sheep), Maui (feral pigs, axis deer), O‘ahu (feral pigs), and Kaua‘i 

(feral pigs, black-tailed deer) (Risch et al., 2020, 2022, 2025, and in prep). To date, these models 

have not been utilized to evaluate relative abundance in designated hunting and conservation 

areas. Thus, in this study we aimed to answer the following question: In the absence of 

management actions (e.g., hunting or fencing), how does the predicted abundance of wild 

ungulates vary across three land management classifications: “Sensitive Conservation Areas”, 

“Priority Hunting Areas”, and “All Other Areas”?  

 

Methods 

Spatial analyses were conducted for the islands of Hawaiʻi, Kauaʻi, Maui, and ʻOahu 

using ArcGIS Pro (Version 3.0.2, Redlands, CA: Environmental Systems Research Institute, 
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Inc., 2022). These islands were selected due to the existing data available for predicted wild 

ungulate distribution. The following layers were downloaded from the Hawaiʻi Statewide GIS 

portal: “TMK Parcels,” “State Land Use Districts,” “Agricultural Land Use Baseline – 2020 

Update,” and “Reserves.” The “Tax Map Key (TMK)” parcel for each respective island was 

utilized as the base layer to identify property boundaries. The “State Land Use Districts 

Boundaries” (SLUD) layer contained broad categories of land use, including agricultural, 

conservation, rural, and urban areas. The “Reserves” layer included data on various reserve 

types, preserves, parks, and the respective managing agencies.  

For computational simplicity, parcels with a land area under 50 acres were removed from 

the TMK layer. To add attribute data from other layers to the TMK layer, the geoprocessing tool 

“Spatial Join” was used, with the option “largest overlap” selected. This ensured that TMK 

parcels were categorized by the overlapping polygon with the largest area. A new field labeled 

“Key Type” was then created to store the main category for each TMK parcel. Categories were 

added to the “Key Type” field in a hierarchical order, with the “Reserves” layer field “Type” as 

the highest priority, and finally the “ludcode” from the “State Land Use Districts”. This joining 

order ensured that the most specific categories were prioritized.  

Each parcel was assigned a group of wild ungulate management goals, reflecting the 

broad desired management goals based on land designation and related assumptions. A new 

field, “Management Goals,” was created to store these values. Desired wild ungulate 

management goal groups by parcel type were categorized as “Sensitive Conservation Areas”, 

“Priority Hunting Areas”, and “All Other Areas”. Sensitive Conservation Areas were defined as 

areas with a high degree of management for native species and ecosystems such as State of 

Hawai‘i Natural Area Reserve Systems (NARS), which are considered to be very sensitive to 
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impacts from wild ungulates and are often fenced for protection. Priority Hunting Areas were 

defined as areas managed by the state for public hunting such as Game Management Areas 

(GMA). All Other Areas were any land types that did not have defined wild ungulate 

management goals. See Table 1 in the Appendix for a detailed summary of land types and 

assigned categories of wild ungulate management goals.  

In addition, to accurately represent areas managed by the state of Hawai‘i Division of 

Forestry and Wildlife (DOFAW), layers with information regarding which areas are designated 

for conservation resources and hunting management were incorporated into the base TMK layer. 

These layers, obtained from DOFAW, can be accessed on the DOFAW Lands and Management 

Classifications web page (Division of Forestry and Wildlife | Lands & Management 

Classifications). For DOFAW-managed lands, the C-1 (High Conservation Resources) and H-1 

(Active Hunting Management) classifications were selected (Appendix Table 1). The C-1 class 

represents areas with high levels of native biological resources and intensive management to 

control wild ungulates, assigned to “Sensitive Conservation Areas”. In contrast, the H-1 class 

designates areas where public hunting is prioritized to maximize sustainable yield while 

minimizing environmental impacts, thus assigned to “Priority Hunting Areas”. Although these 

layers are based on TMK parcels, they do not perfectly align with the base TMK layer. To 

address this, a “Spatial Join” was conducted using the “Have their center in” option to prevent 

over-selection of polygons. Following the spatial join, polygons were manually reviewed, and 

wild ungulate management goals were recategorized for areas not fully selected during the initial 

join. Parcels partially covered by C-1 or H-1 areas, or containing both classifications, were 

visually reassigned based on the classification that encompassed majority of the parcel.  
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Next, we compared the predicted natural relative abundance of feral pigs under an 

assumption of no management (e.g., feral pigs carrying capacity based on environmental 

determinants of distribution) within each of the designated land types. To achieve this, we first 

downloaded raster layers of a relative abundance index (RAI) developed in previous studies 

(Risch et al., 2020, 2022, 2025). These layers include RAI distributions for feral pigs on the 

islands of Hawaiʻi, Kauaʻi, Maui, and ʻOahu, and mouflon sheep on the island of Hawai’i, feral 

goats and axis deer on Maui, and black-tailed deer on Kauaʻi. The cell size of each raster layer 

was adjusted to 100 by 100 meters using the geoprocessing tool “Resample” with the bilinear 

sampling technique to enable averaging distribution values with the TMK parcel layer. To 

calculate the mean RAI raster value within each TMK polygon, the geoprocessing tool “Zonal 

Statistics as a Table” was applied with each TMK parcel layer and corresponding raster RAI 

distribution layer, setting the “statistics type” to “mean.” The resulting table was then joined to 

the main TMK parcel layer to allow comparisons between wild ungulate management goals and 

default relative abundance. 

Analysis. The following analysis was conducted in R 4.1.1 (R Core Development Team, 

2021). To determine whether the mean wild ungulate abundance estimates differed among 

Sensitive Conservation Areas, Priority Hunting Areas, and All Other Areas, a one-way ANOVA 

was performed using the stats package in R. If the ANOVA detected significant differences, 

Tukey’s HSD post hoc test was conducted to identify which groups differed. To visualize the 

results, ggplot2 was used to generate boxplots for each wild ungulate species and island. 
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Results 

Across the islands of Hawaiʻi, Kauaʻi, Maui, and ʻOahu, a total of 1,287,225 acres 

(43,716 to 964,762 per island) were identified as Sensitive Conservation Areas. Priority Hunting 

Areas covered 162,776 acres in total (2,877 to 119,965 acres per island), while All Other Areas 

spanned 2,013,435 acres (117,603 to 1,220,203 acres per island). On every island, "All Other 

Areas" had the largest total land area and frequency (Figure 1; Table 1).  

The one-way ANOVA resulted in a significant effect among parcel management 

categories for some species on some islands: wild pigs on the island of Hawaiʻi (F(2, 2190) = 

8.98, p = 0.0001) and Maui (F(2, 619) = 7.77, p = 0.0005), feral goats on Maui (F(2, 619) = 2.96, 

p = 0.05), axis deer on Maui (F(2, 619) = 10.44, p = 3.48e-05), and mouflon sheep on Hawaiʻi 

(F(2, 2190) = 86.29, p = <2e-16). No significant differences were detected among parcel 

categories for the following species/island combinations: wild pigs on Oʻahu (F(2, 681) = 1.70, p 

= 0.18), wild pigs on Kauaʻi (F(2, 303) = 2.13, p = 0.12), or black-tailed deer on Kauaʻi (F(2, 

303) = 0.23, p = 0.80).  

A Tukey’s HSD post hoc test was conducted for ANOVA results that were significant to 

identify pairwise differences between management areas. For pigs on Maui, abundance was 

significantly lower in All Other Areas compared to Sensitive Conservation Areas (mean 

difference = -3.89, 95% CI [-6.56, -1.22], p = 0.002). No other pairwise comparisons for pigs on 

Maui were significant (all p-values > 0.05). For axis deer on Maui, abundance was significantly 

higher in All Other Areas compared to Sensitive Conservation Areas (mean difference = 10.02, 

95% CI [4.84, 15.93], p = 0.0002). No significant differences were found between other pairwise 

comparisons for axis deer (all p-values > 0.05). For feral goats on Maui, Priority Hunting Areas 

had a significantly higher abundance than Sensitive Conservation Areas (mean difference = 
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16.31, 95% CI [0.13, 32.49], p = 0.05), but no other comparisons were significant (all p-values > 

0.05). For pigs on the island of Hawaiʻi, abundance was significantly lower in All Other Areas 

compared to Sensitive Conservation Areas (mean difference = -1.56, 95% CI [-2.43, -0.70], p = 

0.00007), but no other comparisons were significant (all p-values > 0.05). For mouflon sheep on 

the island of Hawaiʻi, abundance was significantly lower in All Other Areas compared to 

Sensitive Conservation Areas (mean difference = -7.00, 95% CI [-8.27, -5.74], p < 0.0001), and 

Priority Hunting Areas had significantly lower abundance than Sensitive Conservation Areas 

(mean difference = -3.94, 95% CI [-7.17, -0.72], p = 0.01). Additionally, Priority Hunting Areas 

had significantly higher abundance than All Other Areas (mean difference = 3.05, 95% CI [0.04, 

6.04], p = 0.05). 

Across the islands, the relative abundance index (RAI) of wild ungulate species varied 

across the areas designated for various management goals. Wild pigs on the islands of Hawaiʻi, 

Kauaʻi, and ʻOahu, and mouflon sheep on the island of Hawaiʻi had a higher predicted RAI in 

Sensitive Conservation Areas than in Priority Hunting Areas (Figure 2 and 3). Wild pigs, feral 

goats, and axis deer on Maui, and black-tailed deer on Kauaʻi were the only instances where the 

greatest median value was in Priority Hunting Areas (Figure 2 and 3). Although the median RAI 

was lower in some Sensitive Conservation Areas for feral goats and axis deer on Maui and black-

tailed deer on Kauaʻi (Figure 3), there was substantial variability and a high number of outliers, 

suggesting that some Sensitive Conservation Areas were predicted to have higher RAI despite 

lower central values. 
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Figure 3.1. Maps of the island of Hawaiʻi, Maui, Oʻahu, and Kauaʻi. Maps on the left-hand side 
show designated categories of parcels, Sensitive Conservation Areas (blue), Priority Hunting 
Areas (yellow), and All Other Areas (dark grey) where wild ungulate management goals are 
variable or unknown. Tax map key (TMK) parcel boundaries are hidden for visual simplicity. 
Maps on the right-hand side show existing models of the relative abundance index (RAI) for that 
species of wild ungulate (Wild pig, feral goat, axis deer, or mouflon sheep) reprinted with 
permission from Risch et al., 2020, 2022, 2025, and in prep. Darker colors indicate higher 
predicted abundances of wild ungulates in natural conditions with no management. 
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Table 3.1. Land area designated by Sensitive Conservation Areas, Priority Hunting Areas, and 
All Other Areas regarding wild ungulates on the islands of Hawaiʻi, Kauaʻi, Maui, and ʻOahu. 
Island Wild Ungulate Management Goal Total Acres Percent (%) Frequency 

Hawaiʻi Sensitive Conservation Areas 964,762 42 184 

 Priority Hunting Areas 119,965 5 30 

 All Other Areas 1,220,203 53 1,979 

 Total 2,304,931 100 2,193 

Maui Sensitive Conservation Areas 177,768 45 97 

 Priority Hunting Areas 9,620 2 8 

 All Other Areas 207,940 53 517 

 Total 395,328 100 622 

Oʻahu Sensitive Conservation Areas 43,716 15 42 

 Priority Hunting Areas 2,877 1 5 

 All Other Areas 250,022 84 637 

 Total 296,615 100 684 

Kauaʻi Sensitive Conservation Areas 73,039 23 20 

 Priority Hunting Areas 30,314 9 11 

 All Other Areas 217,666 68 275 

 Total 321,019 100 306 
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Figure 3.2. Box plots of the predicted relative abundance index (RAI) of wild pigs on the 
island of Hawaiʻi (n = 2,193), Maui (n = 622), Oʻahu (n = 684), and Kauaʻi (n = 306), 
within tax map key (TMK) land parcels categorized by general land management goals: 
Sensitive Conservation Areas (blue), Priority Hunting Areas (yellow), and All Other 
Areas (grey). ANOVA p-values are reported on each figure (significant p = <0.05). 
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Figure 3.3. Box plots of the predicted relative abundance index (RAI) of mouflon sheep on the 
island of Hawaiʻi (n = 2,193), black-tailed deer on Kauaʻi (n = 306), and feral goats and axis deer 
on Maui (n = 622), within tax map key (TMK) land parcels categorized by general land 
management goals: Sensitive Conservation Areas (blue), Priority Hunting Areas (yellow), and 
All Other Areas (grey). Graphs are arranged clockwise from the top, starting with mouflon sheep 
on Hawaiʻi, followed by black-tailed deer on Kauaʻi, and feral goats and axis deer on Maui. 
Silhouettes of each wild ungulate species are included to correspond with their respective graphs. 
ANOVA p-values are reported on each figure (significant p = <0.05). 
 
Discussion 

In this study we aimed to compare the relative abundance of invasive wild ungulates in 

the absence of management actions between designated Priority Hunting Areas and Sensitive 

Conservation Areas. Our results highlight the importance of fencing in Sensitive Conservation 

Areas, as wild ungulate abundance was predicted to be higher in these areas on several islands 

compared with other categories. Our results also point to the importance of hunting pressure in 

game management areas, as feral goat and mouflon sheep abundances were predicted to be 



42 
 

higher in Priority Hunting Areas on some islands. Further, our results provide insights into 

potential differences in perceptions between private lands and those managed for hunting or 

conservation goals, as axis deer were predicted to be in higher abundance in areas outside of 

Priority Hunting and Sensitive Conservation lands.    

Wild pigs had a significantly higher abundance in Sensitive Conservation Areas 

compared to All Other Areas on the island on Hawaiʻi (p = 0.00007) and Maui (p = 0.002) 

suggests that conservation lands may provide more favorable conditions for wild pigs, 

potentially due to increased cover and food availability in native plant-dominated areas (Risch et 

al., 2022).. Globally, wild pigs are recognized as an invasive species due to their adaptability, 

high reproductive rates, and omnivorous diet (Risch et al. 2021). In introduced environments, 

they cause substantial ecological damage by consuming native plants, invertebrates, and small 

vertebrates (Hegel et al., 2019; La Sala et al., 2023; Lavelle et al., 2017; Risch et al., 2021). 

Their rooting behavior disturbs soil structure, alters nutrient cycling, and facilitates erosion and 

the spread of invasive plant species (Brearley et al., 2024; Gray et al., 2020; Strauch et al., 2016). 

These impacts not only degrade habitat quality but also create direct competition with native 

wildlife (Carswell et al., 2024; Fay et al., 2023; O’Brien et al., 2019). As a result, many native 

species are threatened, with some already lost due to the extensive ecological disruption caused 

by wild pigs (Risch et al., 2021).  

Similarly, axis deer on Maui were significantly more abundant in All Other Areas than in 

Sensitive Conservation Areas (p = 0.0002), indicating that lands designated for native species 

conservation may be less suitable for axis deer in the Hawaiian Islands. Importantly, our study 

demonstrates that axis deer are likely to be more abundant in land parcels not designated for 

conservation or hunting, such as ranchlands, leading to substantial impacts to agriculture, 
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ranching, and suburban gardens. Additionally, ranchlands may attract axis deer due to the 

availability of consistent water sources (Forsyth et al., 2019) and highly nutritious forage 

intended for livestock (Moe & Wegge, 1997; Watter et al., 2020). Unlike conservation and 

designated hunting areas, which are typically managed by a limited number of state or federal 

agencies, the responsibility of managing axis deer populations largely falls on a diverse network 

of landowners with potentially varying management priorities, capacities, and resources. To 

address these challenges, numerous efforts by private landowners and government agencies have 

been made since their introduction, which have had varying degrees of success. Examples 

include county efforts such as the Maui Axis Deer Task Force, county appropriated funds for 

ungulate deer fencing to private landowners, cooperative control efforts between DLNR and 

private landowners, and the emergence of United State Department of Agriculture (USDA) 

inspected wild meat to market businesses (e.g. Maui Nui Venison) (01/13/22-Aerial Assessment 

of Moloka‘i Axis Deer Illustrates the Extent of Overpopulation on Maui Nui, 2022). 

The significant difference in predicted feral goat abundance on Maui, with Priority 

Hunting Areas having higher populations than Sensitive Conservation Areas (p = 0.05), 

demonstrates potential benefits to hunters, in the form of increased hunting success, and potential 

benefits to the ecosystem, as hunters can help maintain goats at lower levels than would be 

supported by the ecosystem. On Pacific Islands, feral goats are found to prefer open, semi-arid 

landscapes (Chynoweth et al., 2013; Risch et al., 2022) which is consistent with the Priority 

Hunting Areas on Maui which are in lowland areas (yellow parcels; Figure 3.1). In island 

systems, feral goats are highly adaptable, as they are generalist foragers capable of exploiting a 

wide range of plant species and habitat types (Chynoweth et al., 2013; Hacker & Alemseged, 

2013; Lu, 1988). Similar habitat associations have been documented globally, including in 
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Australia (Moseby et al., 2020) and the Galápagos Islands (Desender et al., 1999; Hamann, 

1993), where feral goats have shown a strong preference for landscapes with short vegetation 

such as shrubland and abundant herbaceous cover. Although this type of landscape may be 

favored, feral goats have caused severe ecological impacts in introduced areas and thus are a 

concern for Sensitive Conservation Areas, even in lower abundance (Campbell & Donlan, 2005; 

Coblentz, 1978; Hess, 2016).    

The most pronounced differences among parcel types were observed for mouflon sheep 

on the island of Hawaiʻi. The significantly higher abundance of mouflon sheep in Sensitive 

Conservation Areas, compared to Priority Hunting Areas (p = 0.01) and areas outside of hunting 

and conservation areas (p = 0.0001), suggests that management efforts should be prioritized 

within conservation lands. This aligns with the historical proliferation of mouflon sheep on the 

slopes of Haleakalā following their introduction and highlights concerns similar to those raised 

in Palila v. DLNR, where extensive damage to native forest bird habitat prompted legal action 

(Banko et al., 2014; Ikagawa, 2013a; Judge et al., 2017b; Palila v. Hawaii Department of Land 

and Natural Resources, 1981). We note that the abundance estimates utilized in this study were 

derived solely from predictive models based on habitat and vegetation characteristics, and do not 

account for existing fencing or other management interventions implemented after Palila v. 

DLNR (Banko et al., 2014; Risch et al., 2020, 2022, 2025). However, the significantly higher 

predicted abundance in Priority Hunting Areas compared to other areas indicates that these 

locations have the potential to sustain larger populations, so hunting and other methods of 

control are critical to reduce ecosystem impacts of mouflon sheep.  

We also evaluated the spatial arrangement of designated hunting and conservation areas. 

On the islands of Hawaiʻi and Maui, several Priority Hunting Areas are located adjacent to 
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Sensitive Conservation Areas, underscoring the importance of fencing between these areas and 

the potential benefit provided by hunters in reducing incursion pressure along the fence lines. 

Although feral pigs on Oʻahu and Kauaʻi and black-tailed deer on Kaua‘i had no significant 

differences between land management parcel types, visually, we can see that high abundances 

are predicted in many conservation areas in the absence of fences or other management actions 

(Figure 1) (Risch et al., 2020, 2025). Thus, these areas may still experience substantial impacts 

from invasive ungulates if left unmanaged. Additionally, our results highlight the need for 

sustained management efforts, such as strategic fencing, increased hunting pressure, or targeted 

removal efforts to mitigate ecological damage. 

Globally, our findings align with studies that examine the interplay between land 

management goals, species abundance, and ecological outcomes. For instance, research in the 

western United States and Australia has highlighted similar challenges, where private lands play 

a pivotal role in shaping wildlife dynamics (Taylor et al., 2025, 2025; Wilson et al., 2020, 2020). 

However, this study uniquely captures the cultural and geographic nuances of the Hawaiian 

Islands, where island ecosystems and endemic biodiversity are particularly vulnerable to the 

impacts of invasive ungulates. Wild ungulate management by the state has often focused only on 

state-managed lands (Ikagawa, 2013a), although this is not always the case. Further, private 

landowners may have a large degree of autonomy over their land but may be restricted in the 

types of management actions they can take due to regulatory or financial reasons (Benson, 2001). 

Additionally, the findings reveal a significant research gap regarding the substantial 

portion of land with undefined management goals for wild ungulates, totaling 2,013,435 acres 

across the islands. This is particularly evident on private and agricultural lands, where economic 

impacts on operations result in substantial financial losses (Shwiff et al., 2024). Addressing this 
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gap by clarifying management goals could help alignment with state land management strategies, 

fostering more cohesive and effective approaches to wild ungulate management.   

While this study provides valuable insights, it is important to acknowledge certain 

limitations. The analysis assumes that land designations—such as the Natural Area Reserves 

System (NARS), Wildlife Sanctuaries, and Game Management Areas (GMA)—serve as 

reasonable indicators for wild ungulate management goals. However, actual management 

practices may deviate from these generalizations, as individual land stewards may prioritize 

context-specific objectives. Additionally, some parcels may include multiple designated land 

uses, with Sensitive Conservation Area zones overlapping with Priority Hunting Areas. The use 

of RAI data from Risch et al. (2020, 2022, and 2024) for natural wild ungulate abundance 

presents another study limitation, as it does not account for current management interventions 

such as fencing, hunting efforts, or land use changes, and therefore represents predicted rather 

than actual abundances.   

Despite these limitations, this study sheds light on the ecological and social dynamics of 

wild ungulate management in the Hawaiian Islands, offering a foundation for targeted, adaptive 

strategies. Future research should address areas outside of designated hunting and conservation 

lands by engaging large landowners across the Hawaiian Islands to better understand their 

objectives and constraints. Revising policies regarding wild ungulate management would require 

substantial legal and procedural changes (Ikagawa, 2013a), as well as careful consideration of 

stakeholder perspectives, including those of private landowners, state managers, and hunting 

groups. By addressing these challenges, Hawaiʻi can advance integrated approaches that balance 

ecological preservation with the effective stewardship of wildlife resources.   
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Chapter 4 

Conclusions 
 

Wild ungulate populations continue to be a growing concern and challenge for 

management globally, as their presence alters ecosystem functions, threatens biodiversity, and 

creates challenges with land-use priorities. In regions like Hawaiʻi, where large native predators 

are absent, wild ungulate populations have expanded unchecked, intensifying their impacts 

across landscapes. Researching their impacts is crucial for developing targeted management 

strategies that balance biodiversity conservation with the needs of ranchers and land managers. 

This study contributes to this effort by examining the relationship between wild ungulates and 

forage availability on Hawaiian ranchlands, as well as their predicted abundance across different 

land management designations.  

Findings from Chapter 2 indicate that while wild ungulate presence was associated with 

reduced plant biomass, the relationship was not statistically significant, but vegetation loss was 

detected at 66% of sites indicating that losses may be site specific and further investigation is 

needed. Elevation emerged as a primary driver of vegetation availability, with grazing ungulates 

acting as a comparable alternative explanatory factor. These results align with rancher 

observations of widespread forage depletion, despite the lack of a strong statistical relationship. 

Additionally, ungulates were detected across all plant community types, reinforcing their 

generalist feeding behaviors. This chapter highlights the challenges in directly linking wild 

ungulate abundance to forage loss at a landscape scale, emphasizing the importance of site-

specific factors in shaping grazing impacts. 

Chapter 3 demonstrated that predicted wild ungulate abundance varied significantly 

across different land management classifications, providing key insights into where wild 
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ungulate impacts are likely most concentrated. Wild pigs and mouflon sheep were more 

abundant in Sensitive Conservation Areas, suggesting that these areas may provide preferred 

habitat conditions or limited hunting pressure, while axis deer were more prevalent in All Other 

Areas which are composed of agricultural and private lands. These findings suggest that wild 

ungulate management strategies must be tailored to land-use priorities, with conservation and 

game management lands potentially requiring increased fencing or removal efforts, and further 

research into management goals for agricultural and private lands.  

Overall, this research contributes to the growing understanding of invasive wild ungulate 

dynamics across the islands of Hawaiʻi by linking their impacts on vegetation resources with 

broader landscape-scale distribution patterns. Future research should explore long-term 

monitoring of wild ungulate impacts and assess the effectiveness of different mitigation 

strategies in reducing wild ungulate pressure on key land-use areas. 
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Appendix: Detailed Data Tables 

Table A1. List of all plant species scientific and common names that were found across study 
sites on the island of Hawaiʻi and Maui organized by functional group (grass, forb, or shrub). 
Functional Group Scientific Name Common Name 

Grass 

Anthoxanthum 
odoratum Sweet Vernal 

Axonopus compressus Broadleaf Carpet Grass 

Bromus catharticus Rescue Brome 

Cenchrus ciliaris Buffel Grass 
Cenchrus 
clandestinus Kikuyu Grass 

Chloris virgata 
Feather Grass, Rhodes-Grass, Feather Windmill 
Grass 

Cynodon dactylon Bermuda Grass 

Digitaria eriantha Pangola Grass 

Digitaria insularis Sourgrass 

Eragrostis pectinacea Carolina Lovegrass 

Megathyrsus maximus Guinea Grass 

Melinis repens Natal Redtop 

Paspalum Paspalum 
Schizachyrium 
condensatum Bushy Beard Grass or Bluestem 
Stenotaphrum 
secundatum St. Augustine Grass 

Sporobolus indicus West Indian Dropseed, Smutgrass, Rattail Grass 

Forb 

Abutilon grandifolium Hairy Indian Mallow, Hairy Abutilon 
Amaranthus spinosus Spiny Amaranth 
Asclepias physocarpa Balloon Plant 
Bidens pilosa Hairy Beggartick, Spanish Needle 
Calyptocarpus vialis Straggler Daisy, Horseherb, Lawnflower 
Chenopodiastrum 
murale Nettleleaf Goosefoot 
Conyza canadensis Horseweed, Marestail 
Cyperus compressus Poorland Flatsedge 
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Cyperus polystachyos 
Bunchy Sedge, Coast Flatsedge, Manyspike 
Flatsedge 

Desmodium incanum Kaimi Clover 
Erodium cicutarium Redstem Stork's Bill 
Helminthotheca 
echioides Bristly Oxtongue 
Hypochaeris radicata Catsear, Flatweed 
Indigofera hirsuta Hairy Indigo 
Indigofera 
suffruticosa Shrubby Indigo 
Kyllinga gracillima False-Green Kyllinga 
Lathyrus pratensis Meadow Pea 
Lotus corniculatus Birds Foot Trefoil 
Malva parviflora Cheeseweed Mallow 
Medicago lupulina Hop Clover, Yellow Trefoil 
Medicago 
polymorpha Bur Clover 
Macroptilium 
atropurpureum Purple Bush Bean, Siratro 
Mimosa pudica Hilahila, Sensitive Plant, Sleeping Grass 
Neonotonia wightii Tinaroo Glycine 
Nephrolepis 
cordifolia Kupu Kupu Fern 
Oxalis stricta Common Yellow Wood Sorrel 
Parthenium 
hysterophorus 

Ragweed Parthenium, False Ragweed, Santa 
Maria 

Senecio 
madagascariensis 

Madagascar Ragwort, Madagascar Fireweed, 
Variable Groundsel 

Sida fallax Yellow Ilima 

Trifolium dubium 
Lesser Trefoil, Suckling Clover, Little Hop Clover 
or Lesser Hop Trefoil 

Trifolium repens White Clover 
Triumfetta 
semitriloba Sacramento Bur 
Verbena litoralis Seashore Vervain, Oī 
Verbesina encelioides Cowpen Daisy, Golden Crownbeard 
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Shrub 

Abutilon grandifolium Hairy Indian Mallow, Hairy Abutilon 
Eucalyptus obliqua Eucalyptus Tree 
Lantana camara Largeleaf Lantana 
Prosopis pallida Mesquite Tree 
Rubus argutus Highbush Blackberry, Prickly Florida Blackberry 
Solanum americanum Pōpolo, Glossy Nightshade 
Solanum linnaeanum Apple of Sodom 

Lichen N/A Foliose Lichen 
 
 
Table A2. Summary of forage loss, vegetation change, and ungulate presence across study sites. 
The columns include site names, the dominant plant species at each site, and the average forage 
loss measured in kilograms per hectare (kg/ha). The gain or loss of vegetation is indicated as an 
increase or decrease in plant cover over the study period. Ungulates detected at each site are 
listed based on field observations and camera trap data. The relative abundance index (RAI) of 
grazing ungulates (RAIgrazing; axis deer, mouflon sheep, and feral goats) quantifies their presence 
at each site. The equivalent cattle loss (AU/Day) estimates the forage consumption by ungulates 
in terms of animal units per day (assuming one AU consumes 12 kg per day), providing a 
comparison to livestock grazing impacts. 

Site 
Dominant 

Plant Species 
Average Forage 

Loss (kg/ha) 
Gain/Loss of 
Vegetation 

Ungulates 
Detected RAIgrazing 

Equivalent Cattle 
Loss (AU/Day) 

Ranch A1 Kikuyu 74.72 Loss Yes 15.12 6.23 
Ranch A2 Kikuyu -448.34 Gain Yes 6.44 0.00 
Ranch A3 Kikuyu -1345.02 Gain Yes 8.79 0.00 
Ranch A4 Kikuyu -298.89 Gain Yes 7.87 0.00 
Ranch A5 Kikuyu -523.06 Gain Yes 11.97 0.00 
Ranch A6 Kikuyu 896.68 Loss Yes 2.25 74.72 
Ranch A7 Kikuyu 0.00 Gain Yes 0.71 0.00 
Ranch A8 Kikuyu 523.06 Loss Yes 2.32 43.59 
Ranch A9 Kikuyu 298.89 Loss Yes 6.40 24.91 

Ranch 
A10 Kikuyu -1120.85 Gain Yes 14.27 0.00 

Ranch 
A11 Kikuyu 298.90 Loss Yes 13.08 24.91 

Ranch B1 
Kikuyu and 

Rattail 1195.57 Loss Yes 0.11 99.63 
Ranch B2 Kikuyu 149.45 Loss Yes 0.19 12.45 
Ranch B3 Kikuyu -373.62 Gain No 0.00 0.00 
Ranch B4 Kikuyu -373.62 Gain No 0.00 0.00 
Ranch C1 Guinea grass -988.00 Gain Yes 5.62 0.00 
Ranch C2 Guinea grass -235.68 Gain Yes 2.98 0.00 
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Ranch C3 
Bare ground 

and litter 1.49 Loss No 0.00 0.12 

Ranch C4 
Bare ground 

and litter 100.13 Loss Yes 0.19 8.34 
Ranch C5 Buffel grass 821.96 Loss Yes 0.69 68.50 
Ranch C6 Buffel grass 224.17 Loss Yes 1.12 18.68 
Ranch C7 Kikuyu 1569.20 Loss Yes 5.12 130.77 
Ranch C8 Kikuyu 821.96 Loss Yes 10.66 68.50 
Ranch C9 Kikuyu 1345.03 Loss Yes 27.48 112.09 

Ranch 
C10 

Bermuda 
grass 1942.81 Loss Yes 49.31 161.90 

Ranch D1 Kikuyu 494.67 Loss Yes 14.35 41.22 
Ranch D2 Kikuyu 497.66 Loss Yes 1.69 41.47 

Ranch D3 
Fire weed 

and Kikuyu -366.15 Gain Yes 2.66 0.00 
Ranch D4 Sourgrass 1434.69 Loss Yes 2.00 119.56 

Ranch D5 
Sourgrass 
and litter 2119.16 Loss Yes 0.29 176.60 

Ranch D6 
Bare ground 

and litter 0.00 Gain Yes 16.38 0.00 
Ranch D7 Sourgrass -375.11 Gain Yes 0.03 0.00 

Ranch D8 
Litter and 
Sourgrass 911.03 Loss Yes 1.64 75.92 

Ranch D9 Kikuyu 2310.45 Loss Yes 4.32 192.54 
Ranch 
D10 

Bare ground 
and litter 183.52 Loss Yes 4.83 15.29 

 
 
Table A3. Perceived wild ungulate management goals (Sensitive Conservation Areas, Priority 
Hunting Areas, and All Other Areas) of selected key land designation types grouped by ArcGIS 
layer name (Reserves, Department of Forestry and Wildlife (DOFAW) Management Guidelines, 
and State Land Use Designation). From the State Land Use District Boundaries layer, code Rural 
(R) was not included after <50 acres were removed from the analysis.  
Land Management GIS Layer and Land Category 

Sensitive 
Conservation Areas 

Reserves 
• Forest Reserve/Preserve (fr-p) 
• Land Trust (pvrt) 
• Marine Life Conservation District (mlcd) 
• National Area Reserve (nar) 
• National Park (np) 
• National Wildlife Refuge (nwr) 
• Nature Preserve (cnp) 
• Private Preserve (prvt) 
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• Reserve (r) 
• The Nature Conservancy Preserve (tnc) 
• Wildlife Sanctuary (ws) (ws*) 
• Various Other Sanctuary (xs) 
• Other units managed by DOFAW (xxx) (Only Keauhou 

cooperative nene sanctuary) 
DOFAW Management Guidelines 

• C-1: High Conservation Resources 

Priority Hunting 
Areas 

Reserves 
• Game Management Area (gma) 
• Forest Reserve/Game Management Area (fr-gm) 

DOFAW Management Guidelines 
• H-1: Active Hunting Management 

All Other Areas Reserves 
• Forest Reserve (fr) 
• Forest Reserve/ State Recreation Area (fr-sr) 
• Forest reserve/ Military Facility (fr-ml) 
• Forest Reserve/State Monument (fr-sm) 
• Forest Reserve / National Historical Park (fr-nhp) 
• Historic Preserve (hp) 
• National Historic Park (nhp) 
• National Historic Site (nhs) 
• National Memorial (nm) 
• Military (mil) 
• Office of Hawaiian Affairs (oha) 
• State Historical Park (shp) 
• State Monument (sm) 
• State Park (sp) 
• State Park - Other (sxp) and (sp-p*) 
• State Park Reserve (spr) 
• State Recreation Area (sra) 
• State Recreation Pier (srp) 
• State Scenic Shoreline (sss) 
• State Wayside (sw) 
• State Wilderness Park (swp) 
• Other units managed by DOFAW (xxx) (Maui motocross track 

and Kahuku motocross park (Oahu))  
State Land Use Designation 

• Agriculture (A) 
• Conservation (C) 
• Urban (U) 
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