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laid the foundation for conservation in Hawaiʻi, and to those who will continue the fight against 

extinction with unwavering commitment. May your voices rise like the ʻIʻiwi and ʻApapane on 
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Abstract 

Accurate monitoring of native species is essential for detecting ecological changes and 

informing conservation, particularly as climate changes accelerates the spread of avian malaria 

into higher elevation forests of Hawaiʻi. This study evaluated the use of passive acoustic 

monitoring (PAM) and machine learning to estimate the call density of eight native Hawaiian 

forest bird species across the elevational gradient of Hakalau Forest National Wildlife Refuge. 

Acoustic data were collected using SM4 song meters deployed at nine stations spanning open 

and closed forest types between 2022 and 2023. Perch, a machine learning classifier, was used to 

identify species-specific vocalizations, and validated detections were used to estimate call 

density. Generalized linear and generalized additive models were used to assess the effects of 

elevation and forest types on call density, while LiDAR-derived forest structural metrics were 

explored for their relationships with species call density. Results revealed species-specific 

responses to elevation and forest types, with elevation influencing call density for some and 

closed forest supporting higher call densities for several species. LiDAR-derived structural 

metrics showed limited association with species call density. These findings demonstrate the 

value of bioacoustics, combined with machine learning, as a scalable and non-invasive approach 

for long-term monitoring of native Hawaiian forest birds and for informing conservation and 

management in Hawaiʻi.  
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1. Introduction 

The increasing impact of rising global temperatures have intensified the vulnerability of 

native Hawaiian forest bird communities, placing their survival at significant risk. This 

phenomenon is one of the most well-documented examples of climate change’s detrimental 

effects on native wildlife (Benning et al., 2002), leading to Hawaiʻi being recognized as the 

“endangered species capital of the world.” Of 109 endemic Hawaiian bird species known 

historically, 74 are now extinct largely due to human-driven environmental changes (Gomes, 

2020). Among these, 55 are Hawaiian honeycreeper species (Subfamily: Carduelinae) that were 

historically distributed across the main Hawaiian Islands, however, only 17 remain today and 9 

of them are classified as endangered species (U.S. Geological Survey, 2022).   

Hawaiian honeycreepers are not only ecologically vital but also culturally sacred. Their 

vibrant colored feathers were traditionally woven into regal adornments such as ʻahuʻula (capes), 

mahiole (helmets), and lei, symbolizing chiefly status and royal lineage (Gomes, 2016). Native 

Hawaiian birds feature prominently in the kumulipo (creation chant), moʻolelo (legends), mele 

(songs), and are honored as ʻaumākua (ancestral spiritual guardians) among Kānaka Maoli 

(Indigenous Hawaiians) (Amante-Helweg and Conant. 2005). Beyond their cultural significance, 

native Hawaiian birds play a critical role in sustaining the health of native ecosystems. They act 

as pollinators and seed dispersers for numerous native plant species. For instance, Hawaiian 

honeycreepers have coevolved with native lobelioids (Campanulaceae) and Stenogyne mints 

(Lamiaceae), developing specialized traits that mutually benefit both plant and bird (Smith et al., 

1995). In addition, unique complex songs of these birds serve functions beyond communication, 

pair bonding, territorial defense, mate attraction, and they are culturally transmitted, learned from 

both parents and neighboring individuals (Rothenberg et al. 2014). These vocal traditions reflect 
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the rich biodiversity and intergenerational knowledge embedded within Hawaiian forest 

ecosystems.   

Unfortunately, the arrival of humans and subsequent land use changes over the years 

have led to habitat loss, the introduction of invasive species and predators, and the spread of non-

native diseases, all of which have devastated native flora and fauna of the Hawaiian Islands 

(Paxton et al., 2011; Paxton et al., 2018; Gomes. 2020). These impacts have driven native birds 

from lowland where they once thrived to higher elevation areas (LaPointe et al., 2012). Climate 

change has compounded these pressures by enabling the upward expansion of disease-carrying 

mosquitoes into higher elevation forests, areas once free of avian malaria (Plasmodium relictum) 

LaPointe et al., 2012; Paxton et al., 2022). Transmitted by the southern house mosquito (Culex 

quinquefasciatus), avian malaria is one of the primary causes of population decline among native 

Hawaiian honeycreepers (Atkinson, 2008; LaPointe et al., 2012). Because both the mosquito 

vector and the malaria parasite require warm temperatures for development, most native forest 

birds now persist only in high-elevation forests above ~ 4,593 meters, where cooler temperatures 

inhibit disease transmission (LaPointe et al., 2016).   

For many years, the point-count transect distance-sampling method, where trained 

observers record birds’ detection by sight and sound has been essential for estimating bird 

abundance, distribution, and trends for population monitoring. In Hawaiʻi, the Hawaiʻi Forest 

Bird Survey was initiated in 1976 in response to the alarming decline of native avifauna. This 

survey established critical baseline data (Scott et al., 1962) and has since remained the gold 

standard for estimating Hawaiian forest bird population abundance and understanding population 

distribution and trends. However, despite their value, point-count transect surveys face several 

limitations including observer bias, differences in species detectability, time-of-day effects, and 
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weather constraints (Kahl et al., 2021). Moreover, the method’s labor-intensive nature limits the 

spatial and temporal coverage of wildlife population monitoring, particularly in remote, rugged, 

or broad landscapes. To address these limitations, utilizing bioacoustics has become an emerging 

tool for population monitoring and conservation management of wildlife. This rapidly growing 

method involves passive acoustic monitoring (PAM), which is the use of sound recording 

devices to monitor wildlife population, abundance, occupancy, and ecosystem health. Using 

autonomous recording units (ARUs), such as the Song Meter 4 (SM4) and Song Meter 4 bat 

(Wildlife Acoustics, USA), researchers can collect continuous acoustic data over weeks or 

months with minimal human presence (Bombaci & Pejchar, 2019; Teixeira et al., 2019). It offers 

an alternative survey method in situations where visual or physical trapping of species is 

difficult, expensive, or dangerous (Marques et al., 2013). Furthermore, these devices are 

especially valuable for detecting elusive, small, camouflaged, cryptic, or nocturnal species such 

as owls and bats, and for monitoring hard to access areas like dense forests and remote areas 

(Marques et al., 2013; Pérez-Granados et al., 2018; Pérez-Granados et al., 2021).  

However, depending on sampling schedule, ARUs can generate vast quantities of audio 

data, making visual inspection of recordings significantly more time consuming, and often twice 

as long as traditional field observations (Kekiwi, 2022). Extracting meaningful information from 

ARU datasets requires specialized training, and significant investment of time and effort 

(Sebastián-González et al., 2015; Cole et al., 2022). These challenges are compounded by the 

limited availability of comprehensive call libraries and automated classification tools in many 

regions, frequently necessitates manual review of vocalizations and rendering the process highly 

labor-intensive (Browning et al., 2017). To address these constraints, the implementation of 

high-performance machine learning models is essential for streamlining acoustic analysis and 
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enabling timely, data-driven conservation decisions. This need is especially urgent in Hawaiʻi, 

where the decline of Hawaiian honeycreepers is accelerating. For example, several native 

Hawaiian honeycreepers on Maui and Kauaʻi such as the ʻAkikiki (Oreomystis bairdi), ʻAkekeʻe 

(Loxops caeruleirostris), Kiwikiu (Pseudonestor xanthophrys), and ʻĀkohekohe (Palmeria 

dolei) are now perilously close to extinction (Paxton et al., 2022; Hunt et al., 2025). Timely 

information on changes in native Hawaiian bird communities is essential for supporting 

conservation efforts, informing local programs, and guiding the development of management 

strategies that address native species declines and the broader challenges facing Hawaiʻi’s native 

ecosystems. 

In contrast, the Hakalau Forest National Wildlife Refuge (HFNWR; hereafter Hakalau 

forest, Hakalau or refuge) on Hawaiʻi Island remains a vital refuge, supporting the largest 

community of native Hawaiian forest birds in the Hawaiian archipelago (Camp et al., 2009; Hunt 

et al., 2024). Its high-elevation habitat offers relative protection from avian diseases (Camp et al., 

2010; LaPointe et al., 2016; Hunt et al., 2025). Historically, bird density estimates at Hakalau 

relied on 8-minute point-counts conducted during breeding season (March – April) at stations set 

along established transects (Scott et al., 1986). These surveys, often supported by volunteers and 

local conservation partners, provide valuable data, but are conducted only once per year. 

Although recent counts suggest stable or increasing populations for several species (Camp et al., 

2010; Hunt et al., 2025), the health of this refuge and its native birds remain vulnerable to rising 

environmental threats and avian diseases. While point-count surveys offer valuable insights, 

relying exclusively on this method may overlook fluctuations in abundance or shifts in 

occupancy across elevational gradients.  
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To address these limitations, conservation efforts must incorporate more responsive and 

scalable tools capable of tracking populations continuously and anticipating declines before they 

become irreversible. Building on this need, integrating bioacoustics monitoring with machine 

learning models offers a powerful alternative, or complementary method to traditional point-

count transect surveys. This combined approach enables year-round, non-invasive detection of 

vocalizing species while capturing fine-scale temporal and spatial variation. It is particularly well 

suited to rugged terrains and remote locations such as the Hakalau forest.  

The primary objective of this study is to evaluate the effectiveness of combining PAM, 

with the machine learning model Perch to estimate the call density of eight native Hawaiian 

forest bird species across an elevational gradient and between open and closed forest types 

within Hakalau forest. The study tested the null hypothesis that native Hawaiian forest bird call 

density does differ significantly across the elevational gradient and between forest types. In 

addition, airborne Light Detection and Ranging (LiDAR) – derived forest structural metrics were 

examined to explore whether variation in forest structure was associated with species call 

density. By integrating PAM, machine learning, and LiDAR-derived forest structural metrics, 

this study advances understanding of native Hawaiian forest bird call density across elevational 

gradients and highlights the potential of combining these complementary approaches for long-

term conservation monitoring of remaining native forest bird communities.  

2. Methods 

2.1 Study Site: 

The Hakalau Forest National Wildlife Refuge consists of two management units, the 

Kona Forest Unit and the Hakalau Forest Unit (also commonly referred to as Hakalau forest, 

Hakalau or refuge), both are collectively managed as the Big Island National Wildlife Refuge 
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Complex under the U.S. Fish and Wildlife Services (USFWS, 2011). The Hakalau Forest Unit is 

the study site of this project (Figure 1) and was established in 1985 specifically to protect native 

Hawaiian forest birds and their native habitat (Paxton et al., 2011; Paxton & Kraus, 2020). 

Hakalau forest is situated on the windward (eastern) slope of Mauna Kea, in the ahupuaʻa (land 

division) of Hakalau, Makahanaloa, Pāpaʻikou, Paukaʻa, Maulua Nui and Honohina within the 

moku (district) of Hilo, on the Island of Hawaii (~19. 832°N, 155. 119°W) (Paxton et al., 2011; 

Hart et al., 2020). Hakalau encompasses 32,733 acres of forest at elevations ranging from ~ 

1066.8 m to 1950.7 m, supporting a diverse array of native flora and fauna (Camp et al., 2010). 

This montane rainforest has an average annual temperature of 13.1 ℃ and receives 3,550 mm of 

rainfall each year (Giambelluca et al., 2014).   

For this study the Hakalau forest was classified into two types: open and closed. The 

closed forest spans from low to mid elevations zones (approximately 1300 – 1700 m), where the 

upper canopy is dominated by Ōhiʻa lehua (Metrosideros polymorpha) and Koa (Acacia koa) 

trees. The mid-canopy includes native species such as Kōlea (Myrsine lessertiana), ʻŌlapa 

(Cheirodendron trigynum), Kāwaʻu (Ilex anomala), Kōlea lau liʻi (Mysine sandwicensis), and 

Kopiko (Psychotria mariniana). The understory is rich with ferns like Hāpuʻu pulu (Cibotium 

glaucum), Amaʻu (Sadleria cyatheoides), Uluhe (Dicranopteris linearis) and Wahine noho 

mauna (Adenophorus tamariscinus), alongside other native shrubs like ʻŌhelo (Vaccinium 

calycinum), Pilo (Coprosma ochracea), Pūkiawe (Leptecophylla tameiameiae), and Kanawao 

(Broussaisia arguta). A few lower elevation areas are carpeted with Sphagnum moss (Sphagnum 

palustre), adding to the ecological diversity of the closed forest type.  

The open forest occupies elevations above 1700 m, with canopy dominated by Koa. This 

area has experienced substantial ecological changes due to historical cattle ranching (Hess et al., 
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2010), which introduced invasive grasses and weeds (Horiuchi & Jeffrey, 2002; USFWS, 2011). 

Subsequent natural regeneration and volunteer out-planting efforts have shaped the current 

vegetation composition (Camp et al., 2010). Besides Koa, several other native species persist 

within this portion of the refuge, including Māmane (Sophora chrysophylla) and Naio 

(Myoporum sandwicense). The understory is composed of ʻĀkala (Rubus hawaiiensis), ʻOhelo, a 

diversity of native ferns, and non-native grasses. Gorse (Ulex europaeus), a highly invasive weed 

known for suppressing native plant regeneration outside the Hakalau forest management unit, is 

present in clustered patches at the highest elevations of the refuge. It also appears sporadically in 

mid-elevation areas, likely dispersed downslopes by intense rainfall events.  

2.2 Study Species: 

     Out of 11 native Hawaiian birds that are found or observed at Hakalau forest, eight were 

selected as focal species of this study (Figure 2). Among these, six are Hawaiian honeycreepers, 

with one species classified as threatened and three designated as endangered under the 

Endangered Species Act (Camp et al. 2009; Hunt et al. 2025). Below is the list of eight focal 

species along with brief descriptions for each:  

1. ʻAlawī or Hawaiʻi creeper (Oreomystus mana), is a small, endangered Hawaiian 

honeycreeper (Drepanidinae) endemic to the Island of Hawaiʻi, with Hakalau having the 

highest estimated population of 9,888 (Kendal et al., 2023). Adults weigh about 15g 

(Woodworth et al., 2001) and are olive-green on top with dull buff undersides, a white 

chin and throat, pale gray bill, and a dark gray eye mask (Snetsinger, 1995; BirdLife 

International, 2016). ʻAlawī are insectivores, foraging primarily on ʻŌhiʻa and Koa 

(Acacia koa) trees. They exhibit creeping behavior along trunks and branches, using their 
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bills to flake bark and extract insects, spiders, and other invertebrates (Woodworth et al., 

2001; Scott et al., 1986).  

Their songs describe as rattling, descending trill while their calls describe as 

sweeter, “chippier” (Scott et al., 1978; Snetsinger, 1995; IUCN 2016). Juveniles follow 

adults closely, producing irregularly spaced begging notes “whit -whit -whit” to solicit 

food (IUCN 2016). ʻAlawī is typically found in wet and mesic koa-ʻōhiʻa forests at 

elevations between 1,500 and 1,900 meters (Snetsinger, 1995). Nesting occurs in cavities 

of Koa and ʻŌhiʻa trees, where they construct open cup nests. Their breeding season 

spans from January to June, peaking between February and May (120 – 180 days), 

followed by a molting period from May through August (Woodworth et al., 2001). Their 

relatively high survival rate within Hakalau may be attributed to the refuge’s elevation, 

which lies above the range of mosquito population and associated avian diseases 

(Woodworth et al., 2001). 

2. ʻApapane (Himatione sanguinea) is a crimson plumage Hawaiian honeycreeper 

(Drepanidinae) whose feathers were historically used in traditional Hawaiian featherwork 

(Pratt, 2005). Weighing between 14 and 16g, this species is found across all the main 

Hawaiian Islands: Hawaiʻi, Maui, and Kauaʻi and rare on Molokaʻi and Lānaʻi (Fancy et 

al., 1993; Spiegel et al., 2006). Juvenile plumage is characterized by gray-brown and buff 

body feathers, with greater converts, displaying rufous or buff outer vanes (Fancy et al., 

1993). Renowned for their melodious songs, ʻApapane vocalizations exhibit geographic 

variation differing not only between islands but also among forest patches or kīpuka, 

within the same island (Fancy et al., 1993). During the non-breeding season, they move 

across elevational gradients in search of blooming ʻŌhiʻa trees and nectar availability 
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(Berger, 1972; Fancy et al., 1993; Ralph & Fancy, 1995; Spiegel et al., 2006). The 

breeding season spans from January to July, peaking in March. ʻApapane have been 

reported to nest in wide variety of nest sites than most Hawaiian bird species. Typically, 

ʻApapane constructed cup-shape nest on high branches of ʻōhiʻa, koa, tree ferns and have 

also been found in tree cavities and lava tubes (Van Riper 1973). 

3. ʻAkiapōlāʻau (Hemignathus wilsoni) is an endangered Hawaiian honeycreeper 

(Drepanidinae) found only on Hawaiʻi Island, with about 1,163 individuals (Kendall et 

al., 2023) and weigh between 24 – 28g (Mossman, 2021). It is distinguished by its unique 

bill morphology: a long, flexible, decurved upper mandible paired with a short, sharp 

lower mandible. This specialized structure allows the bird to drill into wood and use the 

upper bill as a hook or probe to extract prey (Pejchar & Jeffrey, 2004). Males exhibit 

bright yellow plumage on the head, face and underparts, with yellow-green tones and 

prominent black lores. Females are generally olive-green above with pale yellow-gray 

underparts and defined yellow bib (Mossman, 2021). Juveniles resemble females but lack 

the distinct yellow feathers on the upper breast (Pratt et al., 1994). According to 

Mossman (2021), ʻAkiapōlāʻau breeds from May to August with peak breeding activity 

occurring from June to August, with 15 song types documented at Hakalau.  

ʻAkiapōlāʻau inhabits mesic to wet montane Koa-ʻŌhiʻa forests, where it forages 

by creeping along lichen-covered or dead branches of Koa, Kōlea, Māmane, and Naio 

trees (Pratt et al., 1994). Its diet consists primarily of lepidopteran and cerambycid larvae, 

though it also consumes tree sap, particularly from ʻŌhiʻa – a behavior convergent with 

other sap-feeding species such as the yellow- bellied glider (Petaurus australis) (Pejchar 

& Jeffrey, 2004). Unlike many other Hawaiian honeycreepers, ʻAkiapōlāʻau rarely feeds 
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on nectar; sap may serve as a year-round supplementary source of amino acids, sucrose, 

and carbohydrates, especially when invertebrate prey is scarce or seasonally unavailable. 

Currently, the two major populations are found on the windward slope of Mauna Loa and 

Mauna Kea, separated by approximately 30 miles of lava flows and pastureland 

(Mossman, 2021).  

4. Hawaiʻi ʻamakihi (Chlorodrepanis virens) is a small, generalist native honeycreeper 

(Drepanidinae) endemic to Hawaiʻi Island, typically weighing between 13 to 15g 

(Spiegel et al., 2006). Males exhibit bright yellow plumage with a bold black facial mask, 

while females are olive-green with a dark gray mask. The breeding season extends from 

December through July, peaking between April and July; a period that coincides with the 

flowering of Māmane (Ralph & Fancy, 1994). Their primary song is described as rapid 

trill, often composed of repeated syllables that are more distinct (Scott et al., 1979). Like 

ʻApapane and ʻIʻiwi, their vocalizations vary between populations; they form local 

dialects, even over relatively small spatial scales (Sebastián-González et al., 2025). 

Notably, Hawaiʻi ʻamakihi populations have persisted in low elevation forests despite the 

widespread presence of avian malaria, highlighting their ecological adaptability and 

disease tolerance.  

5. Hawaiʻi ʻākepa (Loxop coccineus) is a small, socially monogamous, endangered 

honeycreeper (Drepanidinae) found only on Hawaiʻi Island, with estimated 7,221 

individuals remaining (Kendal et a., 2023). This insectivore nests exclusively in tree 

cavities of large old growth ʻŌhiʻa and Koa trees which also provide its main foraging 

habitat (Reding et al., 2010). Their songs described as loose and lackadaisical often 

changing pattern from one song to the next, whereas their calls described as soft sweet 
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high-pitched two-note, whistle “cheedlee” (Scott et al., 1979). ʻĀkepa populations are 

distributed across five spatially distinct regions on the slope of Mauna Loa, Mauna Kea 

and Hualalaʻi (Judge et al., 2018). Although slight morphological and plumage 

differences have been observed among historical island populations, all exhibit a 

characteristic bill asymmetry, a specialized adaptation linked to their foraging behavior 

(Hatch, 1985).  

6. Hawaiʻi ʻelepaio (Chasiempis sandwiches) is a monarch flycatcher (Monarchidae) 

endemic to the island of Hawaiʻi, with three related subspecies occurring on Kauaʻi and 

Oʻahu. Adults are characterized by white-tipped tail feathers, white rump, and distinct 

wing bars. This insectivorous species is often found in wet forests dominated by ʻŌhiʻa 

(Scott et al., 1986). The breeding season extends from February to August, with peak 

activity occurring between April and June (van Riper II, 1995). ʻElepaio are culturally 

known as the guardian spirit of Hawaiian canoe builders or kālai waʻa. They are also 

known for their early vocalizations during breeding period, often initiating a predawn 

chorus. Outside of the breeding season, singing becomes less frequent and typically 

occurs later in the day (van Riper III, 1995). Notably, individuals rely on a single primary 

song type, which plays a key role in territorial and reproductive behaviors.  

7. ʻIʻiwi (Drepanis coccinea) is a highly active, medium-sized (15 - 20g) scarlet 

honeycreeper (Drepanidinae), classified as threatened and is known for its aggressive 

territorial behavior toward both conspecifics and other bird species (Fancy & Ralph, 

1998; Carpenter & MacMillan, 1975). Adults display vibrant red-orange plumage with 

contrasting black wings and tail, and white edging on the inner secondaries. Juveniles, by 

contrast, exhibit dull yellow body feathers with black speckling (Fancy & Ralph, 1998; 
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Ralph & Fancy, 1994). Historically, ʻIʻiwi feathers were among the most prized materials 

used in traditional Hawaiian featherwork. The ʻIʻiwi has a long, strongly curved salmon-

orange bill (25-28 mm), which is thought to have co-evolved with tubular corollas of 

certain flowering plants (Smith et al., 1995). This honeycreeper primarily feeds on nectar 

of various native plants, as well as some introduced species such as Banana poka 

(Passiflora mollissima) and Honeysuckle (Lonicera japonica) (Beck, 2021). Arthropods 

also constitute a significant portion of their diet (Fancy & Ralph, 1998).  

Once widespread across all main Hawaiian Islands, ʻIʻiwi populations are now 

primarily restricted to Hawaiʻi, Maui, and Kauaʻi with small relict populations persisting 

on Oʻahu and Molokaʻi (Scott et al., 1986). They are typically found above 1,200 meters 

in closed-canopy forests dominated by ʻŌhiʻa and Koa (Paxton et al., 2013). The species 

is currently listed as threatened, with an estimated 110,028 individuals residing within 

protected areas such as the HFNWR (Kendal et al., 2023). ʻIʻiwi exhibit seasonal 

movement, particularly in response to nectar availability. During the non-breeding 

season, individuals travel an average of 12.74 ± 0.39 kilometers, occasionally taking 

birds beyond their established territories in search of floral resources (Guillaumet et al., 

2017; Balwin, 1953; Ralph & Fancy, 1995).  

8. ʻŌmaʻo (Myadestes obscurus) is a drab thrush (Turdidae) endemic to the Island of 

Hawaiʻi. It occupies a range of habitats, from montane ʻŌhiʻa rainforest to subalpine lava 

zones (Van Riper & Scott, 1979; Pratt, 1982). As the last remaining native frugivore on 

Hawaiʻi Island, ʻŌmaʻo plays a critical ecological role as a seed disperser, helping native 

forest regeneration (Pratt et al., 2009). They typically favor berries of native plants such 

as ʻŌhelo and ʻĀkala. Historically widespread across Hawaiʻi Island, this species is now 
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largely confined to higher elevation forest due to habitat degradation and disease 

pressures. ʻŌmaʻo are generally solitary and sedentary, exhibiting strong site fidelity 

throughout their range (Pratt, 1982). 

2.3 Data Collection:  

A total of 9 Song Meter 4 (SM4) (Wildlife Acoustics Inc.) were deployed, encompassing 

forest types of Hakalau (Figure 3). Each SM4 was equipped with 4D – cell alkaline batteries and 

placed at intervals of at least 200 meters to prevent recording and counting the same species’ 

vocalization more than once. SM4s were mounted from 1 to 1.5 meters above the ground to a 

tree (Figure 4). Stations: 8A Low, 8A Mid, 8A Fence, 8A HI, 1A Fence, 1A HI and Pua ʻakala 

were in closed forest, and Stations Pedro and UH Cabin (also known as Pedro Cabin) were in 

open forest (Table 1). Data were recorded from 5:00 am to 6:00 pm in 5-minute intervals with 

10-minute pauses to conserve battery life and prevent complete data loss. Additionally, data were 

continuously recorded from September 2022 through December 2023.  

To increase sample size, this study incorporated recordings collected in 2022 for a 

separate study. Those recordings used a slightly different schedule from June through August 

(5:00 am to 11:00 am and 3:00 pm to 5:00 pm) (Hunt et al., 2024). Most were recorded at the 

same locations as the 2023 SM4s, although a few were originally placed a few meters away from 

their current locations. Furthermore, stations 8A Low and 8A Mid represented the only SM4 

recorders located outside the Hakalau bottom fence and beyond the Hakalau bird count transects. 

All recordings of this study were made as .WAV files format in 44.1 kHz sampling rate. Data 

collection from all stations occurs every 6 to 7 weeks, subject to weather conditions. This 

process involved changing batteries, replacing SD cards, and verifying recorders functioned 

correctly to maintain data acquisition. However, despite these efforts, some stations experienced 
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periods of missing data caused by unforeseen circumstances such as recorder malfunctions or 

equipment failure which resulted in recording fewer days than scheduled.  

2.4 LiDAR - Derived Forest Structure Metrics: 

Besides categorizing Hakalau forest into open and closed forest types, airborne Light 

Detection and Ranging (LiDAR) data were used to quantify fine-scale habitat structure around 

each ARU station. LiDAR data were collected by Olivia Jarvis with assistance of pilot David 

Okita and were processes separately at the Spatial Data Analysis and Visualization (SDAV) lab 

at the University of Hawaiʻi at Hilo (UH Hilo). LiDAR data were available for eight of the nine 

recording stations; no data was collected for the UH Cabin station because of its proximity to the 

Hakalau field station. 

Only three key forest structural metrics were extracted from LiDAR data: Canopy Height 

Model (CHM), represents the maximum vegetation height above ground; Plant Area Index 

(PAI), representing the total amount of plant material (leaves, branches, and stems) within a 

vertical column; and Foliage Height Diversity (FHD), representing the vertical distribution and 

complexity of vegetation. Each metric was calculated within 10m, 30m, and 50m, buffers 

surrounding each ARU station, and visualized as raster data where each cell represent 1m by 1m 

(1m resolution). To further visualize forest structure, two perpendicular 1m wide cross sections 

of the LiDAR point cloud were generated for each station. LiDAR-derived forest structural 

metrics were subsequently incorporated into analyses to evaluate how habitat structure is 

associated with each focal species call density across eight recording stations.  
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2.5 Acoustic Validation Using Perch Model:  

Acoustic analysis was adapted from the methods of Navine et al. (2024a, 2024b). All data 

from the field were initially saved and stored on the Listening Observatory for Hawaiian 

Ecosystems (LOHE) lab Dropbox. Subsequently, data were transferred to Jetstream2, a high-

performance virtual cloud computing platform (Hancock DY et al., 2021), before being 

processed on a cloud-based virtual environment. Once data were transferred, the Google Perch 

Bird Vocalization Classifier v.8 model (hereafter, Perch) extracted feature embeddings from data 

recordings (Denton et al., 2023) for analyzing bird vocalizations. Perch is a global bird 

embedding and classification model developed by Google Research, that uses feature 

embeddings from large-scale acoustic bird classifiers that can be harnessed for few-shot transfer 

learning, enabling the learning of new classes from a limited quantity of training data (Ghani et 

al., 2023). A custom classifier was trained on Perch embeddings for the eight focal species of 

this study.  

The Perch classifier runs through audio files, segmenting each audio recording into 5-

second segment and assigning a logit score to each segment for each species, indicating the 

model’s confidence that a particular species is vocalizing. Then, for each species and site, a      

logarithmic binning scheme is used to convert the continuous classifier scores into four discrete 

groups, or bins, with the lowest scoring 50% of 5-second segments assigned to the first bin, 

followed by the next lowest 25% in the second bin, next 12.5% in the third bin, and with the 

highest 12.5% of scores assigned to the fourth bin.  

From each of the four bins, 50 5-second segments were randomly selected for validating 

the presence of the target species (a total of 200 segments per species per site). Each segment 

was displayed as a spectrogram, with frequency (Hz) on the y-axis and time (seconds) on x-axis 
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(Table 2), with audio playback. I manually reviewed each segment both visually, by examining 

the spectrogram, and auditorily, by listening to the recording, to determine whether the focal 

species was vocalizing. Both calls and songs of the focal species were counted for species 

presence during this process.  

The final step was estimating call density (Q) for each species at each site using the 

counts of 5-second audio segments that were validated positive or negative for the target species. 

Call density is defined as the proportion of total audio segments assessed by the classifier that 

contains vocalization of the target species (Navine et al., 2024b). This metric serves as an 

important variable, as it evaluates the entire distribution of the model’s output. A call density 

greater than zero indicates the presence of the species, while variations in call density can reflect 

changes in abundance, behavior, or overall population health (Navine et al., 2024b). 

Consequently, call density can function as a proxy for estimating the abundance of each species 

of this study (Navine et al., 2024b). Each step of the validation protocol was carried out for each 

focal species separately at all nine stations. In total, 14,400 audio samples were validated. Using 

the methods described in Navine et al., 2024a, a bootstrap distribution of 10,000 Q values was 

generated and used to obtain a maximum likelihood estimate (MLE) and 95% confidence 

intervals (CI) for Q. 

2.5 Statistical Analysis: 

Statistical analyses were conducted in RStudio (version 4.4.1; R Core Team 2024). 

Recording coverage and the number of validated files for each species generated by Perch were 

first evaluated across all recording stations for 2022 and 2023. Because recording schedules 

differed between years in the afternoon period, subsequent analyses were then restricted to 

validations collected during the morning period (before 12:00 pm). This period provided the 
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most comparable sampling effort between years and coincided with peak daily vocal activity of 

forest birds. Maximum likelihood estimates of call density (MLE_Q), calculated from raw Q 

values which were derived from validation on Perch, were used as response variable in all 

statistical analysis. Consequently, only morning period MLE_Q estimates were retained for 

analysis. To visualize variation in call density among stations, boxplots were generated using the 

ggplot2 package to illustrate differences in MLE_Q across the elevational gradient and between 

open and closed forest types for each species (Figure 5).  

Generalized Linear Models (GLMs) and Generalized Additive Models (GAMs) are two 

statistical models that were applied to this study. Both were fitted for each focal species using all 

nine recording stations to evaluate the effect of elevation (continuous predictor) and forest type 

(categorical predictor) on MLE_Q results of 2022 and 2023. Because MLE_Q is a proportional 

response variable bounded between 0 and 1, thus, models were fitted using a quasibinomial 

family with a logit link to account for overdispersion. To assess potential nonlinear relationships 

between predictors and MLE_Q, GAMs were fitted using the mgcv package, applying smooth 

terms to continuous predictors (k = 3) to allow flexibility while minimizing overfitting. Model 

performance was compared between GLMs (MLE_Q ~ Elevation + Forest_Type) and GAMs 

(MLE_Q ~ s(Elevation, k = 3) + Forest_Type) using analysis of deviance and by evaluating the 

significance of smooth terms. Diagnostic plots were also examined to assess model fitness, 

including residual distributions and potential outliers. For each species, the best fit model was 

selected based on deviance explained, the X2 test of model comparison, and diagnostic plots. 

Predicted response curve with 95% confidence intervals were then generated for the selected best 

fit model for each species.  
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Additionally, LiDAR-derived forest structure metrics were available for only eight of the 

nine recording stations. Therefore, LiDAR analyses were conducted separately from the GLM 

and GAM models and treated as secondary exploratory analysis. Relationships between species-

specific call density (MLE_Q), and LiDAR-derived forest structure metrics (CHM, PAI and 

FHD) were evaluated using Spearman’s rank correlation. Correlations were performed separately 

for each LiDAR metric at 10m, 30m, and 50m radius buffers surrounding each recording station 

to identify the spatial scale at which forest structure was most strongly associated with individual 

focal species call density. In addition, LiDAR boxplots of CHM, PAI, and FHD were used to 

visually compare forest structural characteristics among stations and complement correlation 

analyses.  

3. Results 

3.1 Species - Specific Call Density vs. Elevation and Forest Type:  

A total of 14,400 5-second segments were validated for this study. Statistical analysis 

reveals call density varies notably with elevation and between the two forest types for each focal 

species. Model selection indicated that GAMs provided a significantly better fit than GLMs for 

ʻApapane, Hawaiʻi ʻamakihi, and Hawaiʻi ʻelepaio, indicating non-linear responses to elevation. 

In contrast, GLMs was retained as the best fit model for ʻAlawī, ʻAkiapōlāʻau, Hawaiʻi ʻākepa, 

ʻIʻiwi, and ʻŌmaʻo suggesting predominately linear responses to elevation.  

ʻAlawī: The GLM showed a positive relationship between call density and elevation, 

though it was not significant (β = 0.0033, p = 0.150). Forest type was also not a significant 

predictor of call density with the GLM (β = -0.557, p = 0.532). Similarly, the GAM found no 

significant nonlinear relationship between call density and elevation (edf = 0.65, F = 0.874, p = 
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0.151) or forest type (p = 0.811). The GLM explained 38.6% of deviance higher compared to the 

GAM deviance explained of 34.9%. Comparison between the two models showed that the GAM 

(p = 0.232) did not improve model fit relative to the GLM. Therefore, the GLM was selected as 

the best-fit model for ʻAlawī. Predicted ʻAlawī call density showed that it increased slightly with 

elevation in both forest types, with steeper rise and greater uncertainty at higher elevations in 

closed forest areas (Figure 6).  

ʻApapane: The GLM showed that call density was significantly lower in open forest than 

in closed forest (β = −1.829, p = 0.023), but it was not significant with elevation (β = - 0.001, p = 

0.231). In contrast, GAM showed that forest type remained a significant predictor (β = −1.445, p 

= 0.036), while elevation was not significant (edf = 1.60, F = 3.01, p = 0.10). The GLM 

explained 85.3% of deviance less compared to the GAM explained 92.3% of deviance. Model 

comparison indicated that the GAM (p = 0.013) significantly improved model fit relative to the 

GLM. Therefore, the GAM was selected as the best-fit model for ʻApapane. Predicted ʻApapane 

call density was consistently higher in closed forest than open forest across the elevational 

gradient (Figure 7).  

ʻAkiapōlāʻau: The GLM indicated no significant effects between call density and 

elevation (β = 0.001, p = 0.766) or forest type (β = 2.080, p = 0.268). Similarly, the GAM 

detected no significant nonlinear effect between call density and elevation (edf = 0.63, F = 0.51, 

p = 0.25), however forest type showed only a marginal effect (β = 3.95, p = 0.051). Although the 

GAM explained slightly more deviance 77.9% compared to the GLM explained 71.7%, it did not 

detect significant nonlinear elevational effect. Because neither model identified a significant 

elevational relationship, the GLM was selected as the best fit model for ʻAkiapōlāʻau. Predicted 

ʻAkiapōlāʻau call density remained low across from low to mid elevation in closed forest with a 
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slight increase at higher elevation in open forest, although confidence intervals were significantly 

broad (Figure 8).  

Hawaiʻi ʻamakihi: The GLM showed a significant relationship between call density and 

elevation (β = 0.004, p = 0.023), while forest type was not significant (β = 0.263, p = 0.605). The 

GAM identified a significant nonlinear effect between call density and elevation (edf = 1.78, F = 

8.53, p = 0.020), whereas forest type showed a marginally positive effect for open forest, 

however it’s not significant (β = 0.889, p = 0.093). The GAM explained 93.3% of deviance 

higher compared to the GLM (85.2%). Model comparison indicated that the GAM (p = 0.005) 

significantly improved model fit and was selected as the best fit model for Hawaiʻi ʻamakihi 

relative to the GLM. Predicted Hawaiʻi ʻamakihi call density increased with elevation, with 

highest call densities occurring at highest stations, mostly in open forest (Figure 9).  

Hawaiʻi ʻākepa: The GLM identified a positive effect of elevation (β = 0.01, p = 0.014) 

and a negative effect of forest type (β = -2.67, p = 0.032). GAM also detected a significant 

elevation effect (edf = 0.92, F = 5.16, p = 0.015), whereas forest type was negative significant (β 

= -2.56, p = 0.04). GLM explained 68.7% of deviance more than the GAM deviance explained of 

68.3%. Model comparison indicated that the GAM (p = 0.103) did not significantly improve fit 

relative to the GLM. Therefore, the GLM was selected as the best fit model for the Hawaiʻi 

ʻākepa. Predicted call density Hawaiʻi ʻākepa increases steadily with elevation, with highest 

values occurring in closed forest at high elevations, while open forest maintained consistently 

lower predicted call density (Figure 10).  

Hawaiʻi ʻelepaio: The GLM identified a non-significant relationship between call 

density and elevation (β = 0.0001, p = 0.93), or with forest type (β = -1.674, p = 0.104). In 

contrast, GAM identified a significant relationship between call density and elevation (edf = 
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0.88, F = 3.25, p = 0.035), but forest type was not a significant predictor (β = -0.89, p = 0.181). 

GAM was selected as the best-fit model for Hawaiʻi ʻelepaio with deviance explained of 81.4% 

more than the GLM 55.5%. Predicted call density of Hawaiʻi ʻelepaio shows that it increased 

from low to mid elevations but declined slightly toward higher elevations in closed forest, and 

remaining consistently lower in high elevation open forests (Figure 11).  

Iʻiwi: The GLM showed that call density increased significantly with elevation (β = 

0.004, p = 0.023) and significantly lower in open forest than in closed forest (β = -2.033, p = 

0.019). The GAM also identified a significant relationship with elevation (edf = 0.906, F = 

4.206, p = 0.023) but not significant with forest type (β = -1.924, p = 0.022). GLM explained 

69.4% more deviance compared to GAM (68.9%). Model comparison also indicated that the 

GAM (p = 0.118) did not improve model fit relative to the GLM. Therefore, the GLM was 

retained as the best-fit model for ʻIʻiwi. Predicted ʻIʻiwi call density increased with elevation and 

remained consistently higher in closed forest than in open forest (Figure 12).  

ʻŌmaʻo: The GLM identified forest type as a significant predictor of call density for 

ʻŌmaʻo, with open forest exhibiting lower call density than closed forest habitats (β = -1.42, p = 

0.011), whereas elevation was not a significant predictor (β = 0.00072, p = 0.311). The GLM 

explained 75.1% of the deviance in ʻŌmaʻo call density. Similarly, GAM found no significant 

elevation effect (edf = 0.146, F = 0.091, p = 0.301). GLM deviance explained 75.1% more than 

GAM deviance explained 71.6% deviance. Model comparison indicated that the GAM (p = 

0.296) did not significantly improve model fit relative to the GLM, thus GLM was retained as 

the best fit model for ʻŌmaʻo. Although predicted call density of ʻŌmaʻo showed that it slightly 

increases with elevation in closed forest compared to open forest in highest elevations, it is not 

significant (Figure 13).   
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3.2 LiDAR - Derived Forest Structural Metrics of Eight Recording Stations: 

LiDAR-derived forest structural metrics varied among the eight recording stations. Mean 

canopy height model (CHM), plant area index (PAI), and foliage height diversity (FHD) differed 

among stations, reflecting variation in forest structure. CHM showed variation among stations at 

10m buffer (Figure 14), with the tallest canopies occurred at 1A Fence (~21m – 22m) and Pua 

ʻakala (~19m – 20m), followed by 1A HI, 8A Low and 8A Mid (~15m – 18m). In contrast, 8A 

HI (~1m) and 8A Fence (~9m – 10m) had the shortest canopies, while Pedro exhibited 

intermediate canopy heights with greater variability. As buffer sizes increased to 30m (Figure 

15) and 50m (Figure 16), differences among stations became less pronounced, with most stations 

exhibiting median canopy heights between approximately 15m and 18m.  

Compared with CHM, PAI varied less among stations and changed little across buffer 

sizes (Figure 17 – 19). Within the 10m buffer, 8A HI and 8A Fence had the lowest PAI values, 

whereas 1A Fence had the highest median PAI (~0.9m), indicating the greatest amount of 

vegetation immediately surrounding the recorder. At the 30m and 50m buffers, median PAI 

values became more similar among stations. However, 1A Fence consistently maintained the 

highest PAI, while both 8A Fence and 8A HI showed notable increases with increasing buffer 

size.  

FHD also varied among recording stations, with the greatest differences occurring within 

the 10m buffer (Figure 20 – 22). Pua ʻākala and 1A Fence exhibited the highest FHD values, 

indicating the greatest vertical vegetation complexity, whereas 8A HI had the lowest. The 

remaining stations displayed intermediate FHD values. Differences among stations decreased at 

the 30m buffer, although 8A HI showed a marked increase relative to the 10m buffer. By the 

50m buffer, FHD values were relatively consistent across stations, indicating that variation in 
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vegetation complexity was greatest immediately surrounding the recording stations and became 

more similar at broader spatial scales.  

3.3 Species - Specific Responses to LiDAR-Derived Forest Structural Metrics: 

Species-specific analyses revealed few significant associations between call density and 

the three LiDAR-derived forest structural metrics (Table 2 – 4). Spearman’s rank correlations 

analyses indicated no significant relationships between species-specific call density and CHM at 

any buffer size (all p > 0.05; Table B2), suggesting that canopy height alone was not strongly 

associated with call density across sampled stations. Although no significant relationships were 

detected, Hawaiʻi ʻākepa exhibited the strongest positive correlations with CHM at the 10m (ρ = 

0.61, p = 0.11), 30m (ρ = 0.65, p = 0.0.08) and 50m (ρ = 0.53, p = 0.17) buffers. In contrast, 

ʻAkiapōlāʻau showed the strongest negative correlations at the 10m buffer (ρ = -0.63, p = 0.10), 

while ʻApapane showed the strongest negative correlation at 30m (ρ = -0.62, p = 0.10) and 50m 

(ρ = -0.74, p = 0.37) buffer. Hawaiʻi ʻamakihi, Hawaiʻi ʻelepaio, ʻIʻiwi and ʻŌmaʻo exhibited 

weak correlation across all buffer sizes for CHM. 

Relationships between call density and PAI varied among species and buffer sizes (Table 

B3). ʻAlawī showed a strong positively correlation with PAI within the 10m buffer (ρ = 0.88, p = 

0.004), indicating higher call density in areas with greater vegetation density immediately 

surrounding recording stations. Hawaiʻi ʻākepa also exhibited significant positive correlation 

with PAI at the 30m (ρ = 0.80, p = 0.02) and 50m buffer (ρ = 0.79, p = 0.02) buffers. No 

significant relationships were detected for ʻAkiapōlāʻau, ʻApapane, Hawaiʻi ʻamakihi, Hawaiʻi 

ʻelepaio, ʻIʻiwi or ʻŌmaʻo (all p > 0.05).  

Few significant relationships were observed between call density and FHD (Table 4). 

ʻAlawī exhibited a significant negative correlation with FHD at the 50m buffer (ρ = - 0.78, p = 
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0.02), indicating a lower call density in areas with greater vertical vegetation complexity. 

Hawaiʻi ʻākepa (ρ = 0.62, p = 0.10) showed a moderate positive correlation at 10m buffer (ρ = 

0.62, p = 0.10), while ʻŌmaʻo showed a moderate positive correlation at 30m buffer (ρ = 0.62, p 

= 0.10). ʻAkiapōlāʻau and ʻApapne exhibited moderate negative correlations across some buffer 

sizes, although none were statistically significant (all p > 0.05). Hawaiʻi ʻamakihi, Hawaiʻi 

ʻelepaio, and ʻIʻiwi showed little to no association between call density and FHD across all 

buffer sizes.  

4. Discussion 

Overall, native Hawaiian forest bird species exhibited distinct responses to elevation, 

forest type, and LiDAR-derived forest structural metrics, reflecting differences in habitat 

requirements, resource use, and species-specific ecology within Hakalau forest. Elevation and 

forest type were stronger predictors of call density than LiDAR-derived habitat metrics, although 

responses varied among species. Hawaiʻi ʻamakihi, Hawaiʻi ʻākepa, and ʻIʻiwi exhibited 

increasing call density with elevation, consistent with previous studies showing that many native 

Hawaiian forest birds remain concentrated at higher elevations where cooler temperatures reduce 

mosquito abundance and avian malaria transmission (Samuel et al., 2015; Paxton et al., 2016).  

Among these species, the Hawaiʻi ʻākepa, ʻApapane, Iʻiwi, and ʻŌmaʻo exhibited higher 

call densities in closed forest, indicating a strong association with mature ʻōhiʻa-koa forests. 

These forests provide structurally complex with abundant nectar resources, arthropod prey, and 

nesting sites that support reproduction and foraging for these species throughout the year (Freed 

et al., 1987; Ralph & Fancy 1994; Pratt et al., 2009; Fretz, 2002). The nonlinear increase in 

Hawaiʻi ʻamakihi call density with elevation likely reflects reduced disease pressure at higher 

elevations, although this species occupies one of the broadest elevational ranges among extant 
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Hawaiian honeycreepers and occurring from sea level to montane forests (Woodworth et al., 

2005; Atkinson et al., 2013; Pratt et al., 2009; Lindsey et al., 2020).  

ʻApapane also exhibited higher call densities in closed forest but showed no significant 

relationship with elevation. In contrast, ʻIʻiwi showed a strong relationship with both elevation 

and closed forest. Both species patterns are consistent with its close association with mature 

ʻōhiʻa dominated forest, where nectar availability strongly influences local abundance and 

seasonal movement (Ralph & Fancy, 1995; Pratt et al., 2009). Because flowering phenology was 

not evaluated in this study, seasonal variation in ʻōhiʻa bloom may have contributed to the 

observed distribution of ʻApapane and ʻIʻiwi across the refuge.  

Hawaiʻi ʻelepaio showed a weak relationship with elevation, and no significant effect of 

forest type, suggesting that local habitat characteristics may be more important than elevation. 

As a year-round territorial insectivore, Hawaiʻi ʻelepaio depends on suitable foraging substrates, 

arthropod availability, and structurally intact native forest, all of which influence territory quality 

and breeding success (Van Riper III, 1995; Banko et al., 2015). Similarly, ʻŌmaʻo call density 

was more strongly associated with closed forest type than with elevation, indicating that habitat 

characteristics may be more important than elevational differences for this endemic frugivore. 

Mature ʻōhiʻa-koa forests, contain dense canopies and diverse native understory vegetation that 

provide nesting habitat and fruit resources, including ʻōhelo, ʻakala, pūkiawe which are 

important food sources for ʻŌmaʻo diet (Van Riper III & Scott, 1979; Ralph & Fancy, 1994). 

Although fruit availability was not measured directly in this study, these habitat characteristics 

likely contributed to the higher call densities observed in closed forests.  

Unlike the other focal species, neither ʻAkiapōlāʻau nor ʻAlawī exhibited significant 

relationships with elevation or forest type. For ʻAlawī, this finding suggests that local forest 
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characteristics such as tree species composition, and arthropod availability may be more 

important than broad elevational or forest-type classifications. As a specialized bark-foraging 

insectivore, ʻAlawī is closely associated with mature native forests where suitable foraging 

substrates are available (Scott et al., 1986; U.S Fish and Wildlife Service, 2023). Similarly, the 

lack of significant relationships for ʻAkiapōlāʻau may reflect its naturally low population density, 

specialized foraging ecology, and relatively low detection rates within the study area, which may 

have reduced statistical power to detect habitat associations.  

In contrast to elevation and forest type, LiDAR-derived forest structural metrics exhibited 

generally weak and inconsistent relationships with species call density. CHM was not 

significantly associated with call density for any species, whereas PAI and FHD showed 

significant relationships for only a few species. These results suggest that broad measures of 

forest structure alone may not adequately explain variation in native Hawaiian forest bird call 

density within Hakalau forest.  

Several factors may have contributed to these weak relationships. First, habitat analyses 

were limited to eight recording stations, reducing statistical power to detect species-specific 

associations. Additionally, birds respond to habitat at multiple spatial scales and the 10m, 30m, 

and 50m buffers used in this study may not correspond to the territories or habitat use of each 

species. Hakalau forest is also a relatively intact native forest, and structural differences among 

sampling stations may have been insufficient to produce strong habitat associations. 

Furthermore, the LiDAR metrics used in this study described forest structure but did not capture 

ecological factors such as flowering phenology, fruiting availability, nesting cavity abundance, 

or arthropod biomass, all of which are known to influence habitat use by native Hawaiian forest 

birds.  
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Seasonal variation in vocal behavior may have also influenced the observed relationships. 

Although call densities were estimate from 19 months of acoustic recordings, breeding and non-

breeding seasons were not analyzed separately, despite evidence that vocal activity varies 

seasonally (Ralph & Fancy, 1994). Future studies would benefit from increasing the number of 

recording stations, incorporating repeated LiDAR surveys to quantify changes in forest structure 

through time and integrating additional habitat variables, including flowering and fruiting 

phenology, tree species composition, arthropod abundance, mosquito abundance, and avian 

malaria prevalence. Analytical approaches that account for detection probability, such as 

occupancy or hierarchical abundance models, may also improve inference by distinguishing 

changes in vocal activity from changes in population size.  

Overall, the LiDAR analysis suggests that while forest structure contributes to habitat 

variation, elevation and forest type were stronger predictors of native Hawaiian forest bird call 

density within Hakalau forest. Nevertheless, integrating passive acoustic monitoring with 

LiDAR-derived habitat information provides a complementary framework for long-term 

ecosystem monitoring and may improve understanding of how habitat structure, climate change, 

and disease influence native Hawaiian forest bird populations.  

5. Conclusion 

This 19 months-long study demonstrated species-specific differences in native Hawaiian 

forest bird call density across the elevational gradient and between open and closed forest types 

within Hakalau forest. Elevation influenced call density for some species, while others were 

more strongly associated with forest type. In contrast, LiDAR-derived forest structural metrics 

showed generally weak relationships with species call density, suggesting that forest structure 

alone does not fully explain habitat use by Hawaiian forest birds.  
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This study provides a valuable baseline for understanding spatial variation in native 

Hawaiian forest bird call density within Hakalau forest. By integrating PAM with machine 

learning model Perch and complementary habitat analysis, it demonstrates the potential of these 

approaches for long-term, non-invasive wildlife monitoring. Continued PAM, combined with 

habitat and environmental data, will improve the ability to detect changes in bird populations and 

support adaptive conservation and management in response to climate change, habitat alteration, 

and the continued spread of avian malaria. As Hawai’i’s native forest birds face increasing 

environmental pressures, sustained monitoring will be essential for guiding conservation efforts 

and helping ensure the persistence of these unique endemic species.  
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Appendix A: Figures  

 
Figure 1. Map of 9 Song Meter stations across the elevational gradient of Hakalau forest. Each 

numbered box represents a Song Meter station, while red dots represent bird transect stations. 
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Figure 2. Eight focal species found at Hakalau. Top left to right: ʻAlawī, ʻApapane, 

ʻAkiapōlāʻau, and Hawaiʻi ʻamakihi. Bottom left to right: Hawaiʻi ʻākepa, Hawaiʻi ʻelepaio, 

ʻIʻiwi and ʻŌmaʻo. Photo credit: Ann Tanimoto-Johnson. 
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Figure 3. Different images of Hakalau forest and locations of song recorders. Photo credit: 

Josephine Tupu. 

 

 
Figure 4. Song meter (SM4) secured to a tree recording bird songs. Photo credit: Katie Cartee 
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Figure 5. Morning call densities of eight honeycreepers at nine stations across from lowest to 

highest elevations, and between the two forest types (open and close) from 2022 to 2023. 

 

 
Figure 6. Predicted ʻAlawī call density (MLE_Q) across the elevational gradient for open and 

closed forest at Hakalau based on the generalized linear model (GLM). Points represent observed 
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call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean call 

density for each forest type, and the shaded bands indicate the 95% confidence intervals around 

the model estimated relationship. Forest type is plotted only in observed elevations.  

 

 
Figure 7. Predicted ʻApapane call density (MLE_Q) across the elevation in open and close forest 

at Hakalau based on the best fit generalize additive model (GAM). Solid lines represent 

predicted call density by forest type across elevation, shaded ribbons indicate 95% confidence 

intervals for each forest type, and points represent call density estimates observed at stations. 

Forest type is plotted only in observed elevations. 
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Figure 8. ʻAkiapōlāʻau predicted call density (MLE_Q) across elevation in open and close forest 

at Hakalau. based on the best fit generalize linear model (GLM). Points represent observed call 

density values (MLE_Q) at each station. Solid lines show the GLM predicted mean call density 

for each forest type, and the shaded bands indicate the 95% confidence intervals around the 

model estimated relationship. Forest type is plotted only in observed elevations. 

 

 
Figure 9. Hawai’i ‘amakihi predicted call density (MLE_Q) across the elevation in open and 

close forest of Hakalau based on the best fit generalize additive model (GAM). Points represent 

observed call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean 
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call density for each forest type, and the shaded bands indicate the 95% confidence intervals 

around the model estimated relationship. Forest type is plotted only in observed elevations. 

 

 
Figure 10. Hawaiʻi ʻakepa predicted call (MLE_Q) as a function of elevation in closed and open 

forest habitats based on the best fit generalized linear model (GLM). Points represent observed 

call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean call 

density for each forest type, and the shaded bands indicate the 95% confidence intervals around 

the model estimated relationship. Forest type is plotted only in observed elevations. 
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Figure 11. Predicted call densities (MLE_Q) of Hawaiʻi ʻelepaio across the elevation in open and 

close forest based on the best fit generalize additive model (GAM). Points represent observed 

call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean call 

density for each forest type, and the shaded bands indicate the 95% confidence intervals around 

the model estimated relationship. Forest type is plotted only in observed elevations. 

 

 
Figure 12. Predicted ʻIʻiwi call density (MLE_Q) across elevational gradient in open and close 

forest at Hakalau forest based on the best fit generalize linear model (GLM). Points represent 

observed call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean 
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call density for each forest type, and the shaded bands indicate the 95% confidence intervals 

around the model estimated relationship. Forest type is plotted only in observed elevations. 

 

 
Figure 13. Predicted ʻŌmaʻo call density (MLE_Q) across elevation in open and closed forest 

habitats at Hakalau forest based on best fit generalize linear model. Points represent observed 

call density values (MLE_Q) at each station. Solid lines show the GLM predicted mean call 

density for each forest type, and the shaded bands indicate the 95% confidence intervals around 

the model estimated relationship. Forest type is plotted only in observed elevations. 
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Figure 14. Boxplots of canopy height model (CHM) values derived from airborne LiDAR within 

10m buffer surrounding each SM4 recording station in Hakalau forest. Boxes represent the 

interquartile range, horizontal line indicates the median, whiskers extend to 1.5 x IQR, and points 

represent outliers. 

 

 
Figure 15. Boxplots of canopy height model (CHM) values derived from airborne LiDAR within 

30m buffer surrounding each SM4 recording station in Hakalau forest. Boxes represent the 

interquartile range, horizontal line indicates the median, whiskers extend to 1.5 x IQR, and points 

represent outliers. 
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Figure 16. Boxplots of canopy height model (CHM) values derived from airborne LiDAR within 

50m buffer surrounding each SM4 recording station in Hakalau forest. Boxes represent the 

interquartile range, horizontal line indicates the median, whiskers extend to 1.5 x IQR, and points 

represent outliers. 

 

 



50 
 

Figure 17. Boxplots of LiDAR-derived plant area index (PAI) values within 10m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers. 

 
Figure 18. Boxplots of LiDAR-derived plant area index (PAI) values within 30m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers 
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Figure 19. Boxplots of LiDAR-derived plant area index (PAI) values within 50m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers 

 

 
Figure 20. Boxplots of LiDAR-derived foliage height diversity (FHD) values within 10m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers 
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Figure 21. Boxplots of LiDAR-derived foliage height diversity (FHD) values within 30m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers 

 

 
Figure 22. Boxplots of LiDAR-derived foliage height diversity (FHD) values within 50m buffer 

surrounding each SM4 recording station in Hakalau forest. Boxes represent the interquartile 

range, horizontal line indicates the median, whiskers (1.5 x IQR), and points represent outliers. 
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Appendix B: Tables         

Table 1. SM4 stations with coordinates, elevations, vegetation types, and recording periods. 

Station 

ID 

Elevation 

(m) 

Forest 

Type 

Latitude Longitude Recording Period 

8A Low 1359 Closed forest 19.829676 155.256316 11 Jul 2022 – 31 Dec 2023 

8A Mid 1499 Closed forest 19.827862 155.263814 8 Aug 2022 – 31 Dec 2023 

8A Fence 1530 Closed forest 19.828882 155.284288 3 Jul 2022 – 31 Dec 2023 

1A Fence 1590 Closed forest 19.784281 155.295655 20 Jun 2022 – 31 Dec 2023 

8A HI 1608 

 

Closed forest 19.827959 155.299087 30 Jul 2022 – 31 Dec 2023 

1A HI 1690 Closed forest 19.784011 155.306933 17 Jul 2022 – 31 Dec 2023 

Pua 

ʻakala 

1901 Closed forest  19.786567 155.323975 17 Jul 2022 – 31 Dec 2023 

Pedro 1958 Open forest 19.830781 155.300258 21 Aug 2022 – 31 Dec 2023 

UH Cabin 1993 Open forest 19.820895 155.331577 10 Jun 2022 – 31 Dec 2023 

 

Table 2. Spearman’s rank correlation coefficients (ρ) and associated p-values for the relationship 

between maximum likelihood call density estimates (MLE_Q) and mean canopy height model 

(CHM) measured within 10m, 30m and 50m buffers surrounding 8 song meters for 8 focal 

species. 

Species CHM 10m ρ (p) CHM 30m ρ (p) CHM 50m ρ (p) 

Hawaiʻi ʻakepa 0.61 (0.11) 0.65 (0.08) 0.53 (0.17) 

ʻAkiapōlāʻau -0.63 (0.10)  -0.44 (0.28) -0.35 (0.39) 

ʻAlawī -0.48 (0.23) -0.36 (0.39) -0.12 (0.78) 

ʻApapane -0.33 (0.42)  -0.62 (0.10) -0.74 (0.37) 

Hawaiʻi ʻamakihi -0.12 (0.78) 0.10 (0.82) 0.19 (0.65) 

Hawaiʻi ʻelepaio 0.24 (0.57) -0.02 (0.96) -0.19 (0.65) 

ʻIʻiwi -0.02 (0.96) -0.05 (0.91) 0.02 (0.96) 

ʻŌmaʻo 0 (1) -0.17 (0.69) -0.12 (0.78) 

 

Table 3. Spearman’s rank correlation coefficients (ρ) and associated p-values for the relationship 

between maximum likelihood call density estimates (MLE_Q) and plant area index (PAI) 

measured within 10m, 30m and 50m buffers surrounding 8 song meters for 8 focal species. 

Species PAI 10m ρ (p) PAI 30m ρ (p) PAI 50m ρ (p) 

Hawaiʻi ʻakepa 0.24 (0.57) 0.80 (0.02) 0.79 (0.02) 

ʻAkiapōlāʻau -0.25 (0.56) -0.14 (0.75) 0.25 (0.56) 

ʻAlawī 0.88 (0.004) -0.48 (0.23) -0.36 (0.39) 

ʻApapane 0.12 (0.78) -0.10 (0.82) -0.19 (0.65) 
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Hawaiʻi ʻamakihi -0.29 (0.49) 0.24 (0.57) 0.50 (0.21) 

Hawaiʻi ʻelepaio 0.55 (0.16) 0.5 (0.21) 0.38 (0.35) 

ʻIʻiwi -0.40 (0.32) 0.21 (0.61) 0.26 (0.53) 

ʻŌmaʻo 0.010 (0.82) 0.10 (0.82) 0 (1) 

 

Table 4. Spearman’s rank correlation coefficients (ρ) and associated p-values for the relationship 

between maximum likelihood call density estimates (MLE_Q) and foliage height diversity 

(FHD) measured within 10m, 30m and 50m buffers surrounding 8 song meters for 8 focal 

species. 

Species FHD 10m ρ (p) FHD 30m ρ (p) FHD 50m ρ (p) 

Hawaiʻi ʻakepa 0.62 (0.10) 0.03 (0.95) 0.51 (0.20) 

ʻAkiapōlāʻau -0.41 (0.31) -0.46 (0.25) -0.41 (0.31) 

ʻAlawī -0.62 (0.10) -0.67 (0.07) -0.78 (0.02) 

ʻApapane -0.52 (0.18) -0.26 (0.53) -0.42 (0.30) 

Hawaiʻi ʻamakihi 0.05 (0.91) -0.21 (0.61) 0 (1) 

Hawaiʻi ʻelepaio 0.05 (0.91) -0.14 (0.74) 0.10 (0.82) 

ʻIʻiwi 0 (1) -0.12 (0.78) 0.12 (0.78) 

ʻŌmaʻo 0.05 (0.91) 0.62 (0.10) 0.43 (0.29) 

 

Appendix C: Supplementary Tables and Figures  

 
Table C1. Examples of vocalization spectrograms of the eight study species obtained from 

validation process on Perch.  

Species  Scientific Name Vocalization Type Vocalization Spectrogram 

ʻAlawī Oreomystus 

mana 

song 
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  call 

 
ʻApapane Himatione 

sanguinea 

song 

 
   

 
ʻAkiapōlāʻau Hemignathus 

wilsoni 

song 
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  call 

 
Hawaiʻi ʻamakihi Chlorodrepanis 

virens 

song 

 
  call 

 
Hawaiʻi ʻākepa Loxop coccineus song 
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Hawaiʻi ʻelepaio Chasiempis 

sandwiches 

song 

 
  call 

 
ʻIʻiwi Drepanis 

coccinea 

song 

 
  call 
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ʻŌmaʻo Myadestes 

obscurus 

song 

 
  call 

 
 

Table C2. Means canopy height model (CHM) and associated standard deviation (SD) for 10m, 

30m, and 50m radius buffers surrounding each of the 8 song meter stations at Hakalau forest. 

Station elevation is provided for reference. Courtesy of Olivia Jarvis, UH Hilo Spatial Data 

Analysis and Visualization lab. 

Station Elevation 

Mean = 

10m 

SD = 

10m 

Mean = 

30m 

SD = 

30m 

Mean = 

50m 

SD = 

50m 

8A Low 1359 16.56 2.71 15.51 4.12 14.91 4.27 

8A Mid 1499 16.4 4.17 15.15 4.75 14.5 5.08 

8A Fence 1530 10.3 4.66 13.94 5.85 14.65 5.77 

1A Fence 1590 19.82 5.33 17.14 5.76 17.25 5.71 

8A HI 1608 4.59 5.66 12.96 6.69 14.43 6.59 

1A HI 1690 15.05 2.37 14.76 4.06 14.41 4.7 

Pua akala 1901 19.16 3.41 16.67 5.73 15.95 5.78 

Pedro 1958 14.9 5.29 15.34 5.41 15.2 5.36 

 

 

Table C3. Plant area index (PAI) and associated standard deviation (SD) for 10m, 30m, and 50m 

radius buffers surrounding each of the 8 song meter stations at Hakalau forest. Station elevation 

is provided for reference. Courtesy of Olivia Jarvis, UH Hilo Spatial Data Analysis and 

Visualization lab. 
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Station Elevation 

Mean = 

10m 

SD = 

10m 

Mean = 

30m 

SD = 

30m 

Mean = 

50m 

SD = 

50m 

8A_LOW 1359 0.68 0.31 0.64 0.35 0.59 0.34 

8A_MID 1499 0.75 0.38 0.7 0.39 0.66 0.4 

8A_FENCE 1530 0.4 0.29 0.51 0.34 0.52 0.34 

1A_FENCE 1590 0.91 0.4 0.85 0.41 0.83 0.4 

8A_HI 1608 0.18 0.3 0.56 0.38 0.6 0.38 

1A_HI 1690 0.8 0.35 0.76 0.37 0.74 0.38 

Pua akala 1901 0.39 0.39 0.71 0.4 0.69 0.4 

Pedro 1958 0.61 0.35 0.67 0.34 0.7 0.37 

 

 

Table C4. Foliage height diversity (FHD) and associated standard deviation (SD) for 10m, 30m, 

and 50m radius buffers surrounding each of the 8 song meter stations at Hakalau forest. Station 

elevation is provided for reference. Courtesy of Olivia Jarvis, UH Hilo Spatial Data Analysis and 

Visualization lab. 

Station Elevation 

Mean = 

10m SD = 10m 

Mean = 

30m 

SD = 

30m 

Mean = 

50m 

SD = 

50m 

8A_LOW 1359 1.22 0.32 1.21 0.35 1.19 0.37 

8A_MID 1499 1 0.44 1.01 0.42 0.98 0.45 

8A_FENCE 1530 0.96 0.39 2.04 1.11 1.14 0.4 

1A_FENCE 1590 1.3 0.38 1.19 0.42 1.2 0.42 

8A_HI 1608 0.37 0.53 0.89 0.53 0.98 0.51 

1A_HI 1690 1.18 0.34 1.2 0.39 1.16 0.42 

Pua akala 1901 1.21 0.42 1.18 0.46 1.15 0.47 

Pedro 1958 1.1 0.49 1.17 0.43 1.12 0.46 
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Figure C1. Validation file coverage for eight stations. The left plots show monthly and yearly 

number of files that were validated from each station, while the right plots show monthly and 

yearly number of files validated for the morning period from each station.  
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Figure C2. Data coverage for eight stations. The left plots show monthly and yearly number of 

files that were validated from each station, while the right plots show monthly and yearly number 

of files validated for the morning period only for each station.  
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