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ABSTRACT 

Biological diversity, or biodiversity, is the variety and abundance of species in a defined area, 
and is one of the oldest and most basic descriptions of biological communities. Understanding 
how populations and communities are structured and change over space and time in response 
to internal and external forces is a management priority. Effective management practices and 
conservation strategies depend on our understanding of the relationship between changes in 
biodiversity and ecological drivers such as invasive species, land use and climate change. To 
demonstrate how changes in biodiversity may be monitored over a large (400 km2) tract of 
native forest habitat, we compared bird and plant community composition and structure in an 
upper montane region of Hawai‘i Island originally surveyed in 1977 as part of the Hawai‘i Forest 
Bird Survey (Scott et al. 1986) with a comprehensive sample of the same region in 2015. 

Our findings suggest that across a region spanning an elevation range of 600 to 2,000 m 
considerable changes occurred in the plant and bird communities between 1977 and 2015. 
Endemic and indigenous plants species richness (i.e., total number of species) decreased 
dramatically in the low and middle elevations below an invasive weed front, whereas naturalized 
plant species richness did not change between the two periods at any elevation. Endemic bird 
abundance decreased and two species were lost in the lower elevations (< 1,100 m) between 
1977 and 2015, while naturalized bird abundance and the numbers of species increased in the 
same area. In addition to changes in community composition, the structure of the forest 
showed evidence of changes in dominant and sub-dominant tree canopy cover, shrub and 
herbaceous cover, dominant tree canopy height, and matted fern cover. 

Biodiversity monitoring helps to define specific conservation targets and to measure progress 
towards reaching those targets. It is difficult to ascribe causative factors to a change in 
biodiversity without directly manipulating the environment. Forest habitat in a variety of settings 
(i.e., islands and regions with differing land-use histories and elevation ranges), however, can 
provide opportunities to evaluate the influence of ecological drivers. Declines in native bird 
biodiversity in low-elevation areas may be attributed to invasive species as land use and climate 
conditions have remained relatively similar over the 40-year period. Thus, the shift from an 
endemic-naturalized co-dominated community in 1977 to one dominated by naturalized, alien 
birds in 2015, and reduction in native bird abundance over that period, may reflect increasing 
dominance by naturalized plants within this forested area. Inferences drawn from analyses of 
region-wide surveys, especially with replicate datasets, will facilitate the identification of broad-
scale changes in biodiversity, and provide a needed current datum in Hawaiian plant and bird 
biodiversity monitoring. 

IN A NUTSHELL: 

• Species respond to changing ecological divers such as invasive species, land use and 
climate change in complex, variable and often unexpected ways; however, this usually 
results in native biodiversity loss 

• Surveys show dramatic changes in species assemblages and ranges, especially in low- 
and mid-elevations 

• Effective management practices and conservation strategies benefit from understanding 
how biodiversity changes, but there are limitations to identifying causal relationships 
between ecological drivers and changes in biodiversity 
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• We propose a targeted research plan to better understand and quantify the impact of 
ecological drivers to inform decision making and management 

INTRODUCTION 

Situated more than 4,000 kilometers from the nearest continent, the Hawaiian archipelago is 
the world’s most isolated group of islands. Tragically, the archipelago’s high degree of biotic 
endemism is matched by its vulnerability to disturbance (Ziegler 2002). The conservation crisis 
facing Hawaiian ecosystems has been confronted by a concerted effort to survey and monitor 
the abundance, distribution and trends of many species throughout the islands and to use the 
results to develop or modify conservation strategies to stabilize or restore the native 
ecosystems. One of the most notable of these efforts were the state-wide surveys of forest bird 
and plant communities in the 1970s and 1980s as part of the Hawaiian Forest Bird Survey 
(HFBS; Scott et al. 1981, 1986). The results of the HFBS provided the basis for many plant and 
bird recovery plans and land acquisition and management decisions in Hawai‘i. 
 
Assessing the status of Hawai‘i’s unique biota has been a continuing endeavor aimed at 
answering several questions crucial to conservation. How have native species fared given the 
phenomenal pace of ecosystem change in the islands? Are changes in biodiversity evident 
within and among geographic areas? Are management actions leading to the recovery of 
endangered species populations and degraded communities? These questions are particularly 
urgent given changes in land-use, the incursion of invasive species and climate change across 
the landscape. 
 
Study objectives and scope 
The HFBS systematically characterized plant and bird communities across transects spanning all 
major Hawaiian Islands except O‘ahu. This extensive dataset has now been organized into a 
database and associated geographic information system (GIS) layers. This baseline provides an 
opportunity to assess how forest ecosystems and their constituent bird and plant populations 
have changed over time. As part of the HaBiTATS (Hawaiian Biodiversity Trends Across Time 
and Space) project, a select area on Hawai‘i Island was surveyed in 2015 with the objective of 
demonstrating the potential of using the HFBS methodology to reassess the status of bird and 
plant communities across multiple geographic regions and islands. The results of the 
comparative study presented herein highlight examples of the apparent vulnerability and 
resiliency of native-dominated Hawaiian ecosystems. Specific study objectives were to: (1) 
collect information on plant and bird species community composition, abundance, and spatial 
distribution following the original HFBS methodology; (2) assess changes in several biodiversity 
metrics; (3) examine changes in the distribution of invasive non-native species as well as 
changes in land use as potential drivers of native biodiversity patterns, and (4) demonstrate 
field and data analysis methods that may be applied to a large-scale biodiversity monitoring 
program. 

METHODS 

Comparative analysis 
The survey of Hawaiian plant communities and forest birds conducted by the U.S. Fish and 
Wildlife Service between 1976 and 1981 extended across broad geographic regions throughout 
much of the state (Scott et al. 1986; Figure 1). Given the relative size of the island, the largest 
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portion of the HFBS effort occurred on Hawai‘i Island (Figure 2). For the purposes of this study, 
a subset of one of the HFBS survey regions (Hamakua) was designated for re-sampling in 2015. 
This area was selected from a suite of candidates based on a power analysis of the original 
HFBS data as applied to a variety of biometrics (e.g., species richness (i.e., total number of 
species), abundance, distribution, vegetation structure, etc.). The selection process identified a 
mid-elevation area on windward Hawai‘i Island as a habitat sufficiently diverse to generate 
insights into changes in plant and bird communities. Rationale, metrics, and methods used to 
select among candidate areas for re-survey are detailed in Appendix 1. 

 

 

Figure 1. Statewide coverage of regions surveyed during the 1976–1981 Hawai‘i Forest Bird 
Survey (shown in red). 
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Figure 2. Coverage of regions surveyed on Hawai‘i Island during the Hawai‘i Forest Bird Survey. 
Region names (as designated by Scott et al. 1986) are accompanied by the number of stations 
sampled within that region. Survey transects are shown as black lines within each region. The 
black lines indicate transects sampled as part of the 1976–1981 HFBS, and the four white lines 
indicate transects re-surveyed in 2015. 

 

Bird and plant surveys 
Four transects, comprised of 534 stations on east Hawai‘i Island, that were originally sampled 
during the HFBS in 1977 were re-visited in 2015 (Figures 3 and 4). Bird surveys during the 1977 
HFBS and the 2015 survey were conducted from June to September. Plant surveys in 2015 
were initiated in May and completed by the end of October, and broadly overlapped the 
seasonal period sampled during the HFBS. 

Situated within the northeast Mauna Loa biogeographic region (Price 2004), the survey stations 
spanned an elevation range from 597 to 2,018 m, and land cover types primarily comprised of 
native montane wet and mesic forest. The southernmost of the four transects extended into 
mesic shrubland and partly traversed terrain with a history of ranching and logging. Several 
relatively recent lava flows (< 100 years old) from Mauna Loa punctuate the mature forest and 
consist of swaths of un-vegetated or sparse early successional vegetation. The forests in this 
area are dominated by the native tree species ‘ōhi‘a (Metrosideros polymorpha) throughout, 
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with the addition of koa (Acacia koa) at the upper elevations. The understory is comprised of a 
diverse assemblage of native trees, shrubs, tree ferns, and ground ferns (Jacobi 1989, 1990). 
Annual mean precipitation ranges from about 1,700 to 5,050 mm with the greatest rainfall 
located in middle elevations of the study area. Mean annual temperature ranges from 12.7 to 
19.9°C at the highest to lowest elevation stations, respectively. 

Plant surveys in 1977 and 2015 were conducted at three levels of spatial extent and detail. 
Recorded at all 534 sampling stations (referred to as “all stations”; Figure 3) were descriptions 
of dominant plant composition and physiognomy (structure), occurrence of aggressive weedy 
plant species, and impacts or sign of ungulate disturbance. Where possible, vascular plants 
were identified to the species-level; however, some were only recorded to the genus-level. Note 
that genus-level classifications may have included those taxa already identified to the species-
level at other locations, or additional but unrecognized species. The geographic origin of each 
plant species was referenced from the Bernice Pauahi Bishop Museum’s Herbarium Pacificum 
(BISH), and was classified as follows: endemic, indigenous (included as a native), or naturalized 
(i.e., non-native) (Imada et al. 2006). Genus-level identifications sometimes included multiple 
sources of origin. 

Vegetation attributes for tree crown cover, tree height, tree species composition, and 
understory and ground cover were described using the methodology detailed in Scott et al. 
(1981) and Jacobi (1989). Crown cover was estimated in the following classes: very scattered 
trees (< 5% cover, trees widely spaced), scattered trees (5–25% cover), open canopy (25–
60% cover), and closed canopy (> 60% cover). Tree canopy height was estimated in three 
classes: low stature (2–5 m), medium stature (5–10 m) and tall stature (> 10 m). When the 
canopy was distinctly multi-layered, the cover, height, and species composition was noted 
separately for individual layers. Percent of the area within 10 m (or area directly visible) 
showing sign of pig digging and vegetation damage were recorded at each station. 
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Figure 3. Bird and plant surveys in 1977 and 2015 encompassed three overlapping areas on 
Hawai‘i Island. Bird counts and general vegetation data were recorded at 534 stations in both 
1977 and 2015 (black points; referred to as “all stations”). From this set, a subset of 271 
stations from the three southernmost transects were also sampled in both periods for the 
presence of select plant species (blue points; “presence-only stations”). In addition, more 
detailed samples of vegetation data were collected in 44 relevé plots during both periods (red 
points). See text for sub-setting procedures. 
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Figure 4. Bird and plant survey transects and stations overlaid on land ownership and 
management units, Hawai‘i Island. Land ownership includes Department of Defense (DOD), 
National Park Service (NPS), Hawai‘i Department of Forestry and Wildlife (DOFAW), Hawai‘i 
Department of Public Safety (DPS) and private holdings. 

 

The presence of select plant species considered to be endemic/indigenous keystone species or 
aggressive naturalized weeds were recorded during both surveys periods. In addition, the 
occurrence of tree fern and matted fern species were noted to assess the potential response to 
feral ungulate impacts. Select plant occurrence was recorded at all 534 stations in 2015, but 
analyses were limited to the subset of 271 stations for which this data was available from 1977 
(referred to as “presence-only stations”; Figure 3). 

At a selected subset of 44 stations a more detailed description of the vegetation structure and 
floristic composition was made using the relevé plot method (Scott et al. 1981, Mueller-Dombois 
and Ellenberg 2002). This subset (referred to as “relevé plots”; Figure 3) was based on the 
same stations originally sampled with this method in 1977. Physiognomic attributes included 
dominant and sub-dominant tree canopy cover, shrub and herbaceous cover, and dominant tree 
canopy height. Total plant cover was estimated to the nearest 10% for all recognizable 
vegetation layers. Layer height was estimated at 2 m increments. 
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To evaluate the plant community analyses obtained at the stations and plots sampled as part of 
this study, results were compared to an independent dataset acquired in a separate study of 
‘ōhi‘a canopy dieback (Mertelmeyer 2013). ‘Ōhi‘a canopy dieback was defined by Mueller-
Dombois et al. (2013) as senescing individuals, small groups or stands of trees. This dataset 
was comprised of 560 100-m radius plots within which dominant tree and understory 
composition, canopy cover and height were recorded from very high-resolution aerial imagery 
(Pictometry 2015) that was collected between 2009 and 2012 and compared to conditions in 
1977, as mapped by Jacobi (1990; Figure 5). ‘Ōhi‘a dieback categories included sites with 
dieback and little re-growth evident in both 1977 and 2012, re-growth between periods (grow-
back sites), no dieback apparent in either period, and new dieback apparent in 2012. 

Bird surveys at all 534 sampling stations produced measures of species richness and 
abundance. Abundance was derived from point-transect counts, and standardization for survey 
effort produced bird per station (bps) values. The point-transect method is a type of distance-
based survey technique in which observer-to-bird distances, habitat variables, and sampling 
conditions are used to calculate species-specific detection probabilities, adjust bird counts for 
imperfect detection and produce density estimates (Buckland et al. 2015). Because of the 
limited number of observations available for most species, density estimates were not produced 
and analyses were instead based on counts in this study. Additional sampling protocol details 
are described in Appendix 1. 



9 
 

 

 

Figure 5. ‘Ōhi‘a dieback survey results for 560 100-m radius plots analyzed from 2012 imagery 
and compared to conditions in 1977. ‘Ōhi‘a dieback categories include sites with dieback evident 
in both 1977 and 2012 (“dieback no change”; blue points), sites that show evidence of re-
growth (“grow-back”; light green points), sites with no dieback apparent in either period (dark 
green points), and sites with new dieback apparent in 2012 (red points). Sites surveyed in both 
1977 and 2015 (black points, “all stations”; white points, “relevé plots”) are included for 
reference (see also Figure 3). Dieback data compiled from Mertelmeyer 2013 and Jacobi 1990. 

 

Quantitative and qualitative analyses 
Most analyses were descriptive and comparative in nature as only two years of data (1977 and 
2015) were available. Plant species metrics used for comparative analyses included proportion 
of stations with recorded presence and the incidence of the physiognomic attributes described 
above. Bird counts for both the 1977 and 2015 surveys periods were mapped to qualitatively 
demonstrate changes in occurrence relative to habitat type and elevation. Bird species metrics 
used for comparative analyses included total counts, and proportion of stations with detections. 
In addition, community assemblage was quantified by elevation strata (in 100-m increments 
ranging from 600 to 2,000 m), and included measures of species richness, and proportion of 
counts comprised of native species. 
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We conducted quantitative analyses where replicate samples within years were available (e.g., 
multiple samples along an elevation gradient). Changes to plant species richness as a function 
of elevation were compared between surveys with linear regression. An interaction term for 
elevation and endemic, indigenous and naturalized species richness was used to test for the 
equality of linear regression slopes between survey periods (Gujarati 1970). For species with 
sufficient data to analyze (i.e., counts > 100 in both years), we assessed bird abundance as a 
function of elevation with a two-sample Kolmogorov–Smirnov test. A two-sample t-test was 
used for comparing measures of mean bird richness and abundance, and pig sign in relation to 
ungulate exclusion fencing. 

Multiple unmeasured factors may contribute to the incursion of invasive species into native 
habitats (e.g., bird dispersal of seeds). In such cases the occurrence and diversity of non-native 
plants can be used directly as a surrogate for these unmeasured (or unquantifiable) variables. 
Consequently, for both survey periods we examined points at which the community composition 
of native plants significantly changed with the increasing occurrence of non-natives. Threshold 
Indicator Taxa Analysis (Baker and King 2010) was used to assess the occurrence of individual 
native taxa along a gradient of non-native species richness, as well as to identify synchrony 
among multiple taxa change points for evidence for community thresholds. While there may 
exist direct adverse effects of non-natives on native species, the analysis relies on 
observational, not experimental data. As such, an important caveat is that non-native plant 
species richness can only be interpreted as a correlative and not a causal variable affecting 
native species occurrence. It is also noteworthy that the same disturbance factors which 
promote the establishment of non-native plants may differentially affect native species, and 
may include both positive and negative associations between natives and non-natives. 

Rank/abundance plots were used to explain temporal shifts in bird species abundance 
distributions (SADs) while treating ecological drivers as the independent variable and diversity 
as the dependent variable (Magurran 2007). This test was not applied to plants due to the 
limited number of relevé plots in 1977. Disentangling ecological drivers’ influence on diversity is 
difficult; however, by blocking on elevation (< 1,100 m asl) the effect of invasive plant species 
on bird biodiversity was assessed. SADs were modeled with the sads package (Prado et al. 
2015) running from an R environment (R Core Team 2015) where the distributions were fitted 
by the maximum likelihood method using numerical optimization through the bbmle package 
with mle2 (Bolker et al. 2016). Candidate SADs curves were limited to the statistical models log 
normal, log series, gamma and negative binomial (Magurran 2004, McGill et al. 2007). 
Likelihood profiles and diagnostic plots were used to assess the congruence of the models to 
observed data. The SAD model selected was the one having the lowest Akaike’s Information 
Criterion (AIC; Burnham and Anderson 2002; Appendix 2). A Kolmogorov-Smirnov two-sample 
test was then used to compare the rank/abundance curves from the two surveys directly to 
determine if there are differences due to ecological drivers (Tokeshi 1993, Magurran 2004). 

Several factors with the potential to contribute to invasive species establishment (e.g., proximity 
to roads and road density, land uses such as cultivation and ranching, and proportion of land 
cover classes; see Figure 3) did not measurably differ in the study area between 1977 and 
2015. However, the intensity of feral pig browsing and ground disturbance may have changed 
over time, and indices of pig sign were compared between periods. (Signs of disturbance by 
other ungulate species were not encountered in forest habitat within the study area and are not 
examined herein.). 
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RESULTS 

Plant community 
The flora recorded in the study region in either 1977 or 2015 was comprised of 176 species (not 
including perhaps 46 additional species identified only to genus) (Appendix 3). A total of 96 
species (and another 30 identified only to genus) were recorded in 1977 at the 44 relevé 
stations. A total of 79 species (and another 22 identified only to genus) were recorded in 2015 
at the same relevé stations. In addition, species richness totaled 150 species (and another 32 
identified only to genus) for all 534 stations sampled in 2015 (although this index value is not 
directly comparable to the index produced in 1977 because of the greater survey effort in 
2015). One federally and state-listed endangered species, Cyanea tritomantha, was recorded in 
2015 (no listed species were recorded in 1977) and likely resulted from natural recruitment. 

The number of species recorded in both 1977 and 2015 totaled 52 species (with another 14 
identified only to genus) at the subset of relevé stations sampled in both periods (Table 1; 
Appendix 3). In addition, 44 species (and 16 others identified only to genus) were recorded 
only in 1977, and 27 species (and eight others identified only to genus) were recorded only in 
2015. 

 

Table 1. Number of plant species recorded during the 1977 and 2015 surveys. Richness was 
grouped by whether species were recorded in one or both surveys, and whether identification 
was made to the species- or genus-level. Note that a richness count for genus-level 
identification is problematic because it may apply to one or more species not included in the 
species-level count, or conversely, a plant not identifiable to the species level may already have 
been included in the species-level count. For comparability, species richness counts are limited 
to the subset of relevé stations sampled in both surveys (n=44). Species and genus-level data 
are listed in Appendix 3. 

Identification Only 1977 Only 2015 Both years 

Species-level 44 27 52 

Genus-level 16 8 14 

 

 

The geographic origin of species recorded at the relevé plots in 1977 included 69 endemic 
species, of which 35 were also identified in 2015 and another 14 were found only in 2015 
(Table 2). Four indigenous species were found in only 1977, another four in 2015, and eight 
were identified in both years. Additionally, 19 naturalized species were recorded only in 1977, 
another 17 in 2015, and 20 were found in both years. 

Although the proportion of stations at which select species (i.e., those tracked across all 534 
stations in the study area) were identified appeared to be generally similar in 1977 and 2015 
(Figure 6), a more detailed assessment of plant composition at the 44 relevé plots 
demonstrated considerable change between surveys periods (Figure 7). 
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Table 2. Origin of plant species recorded during the 1977 and 2015 surveys. Richness is 
grouped by whether species are considered endemic, indigenous, or naturalized in origin, and 
whether they were recorded in one or both surveys. Species counts include identification made 
to either the species- or genus-level. For comparability, counts are limited to the subset of 
relevé stations sampled in both surveys (n=44). Species- and genus-level data are listed in 
Appendix 3. 

Origin Only 1977 Only 2015 Both years 

Endemic 34 14 35 

Indigenous 4 4 8 

Naturalized 19 17 20 

 

 

 

 

Figure 6. Dominant and co-dominant tree species recorded across the study area in 1977 (blue) 
and 2015 (red), as a proportion of sampled locations (n=534 survey stations). Psidium 
cattleianum is an aggressive naturalized species and was treated separately from the “Exotic 
trees” category that includes all other naturalized trees. Data are tabulated in Appendix 4. 
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Figure 7. Species with the largest proportional change in occurrence between the 1977 (blue) 
and 2015 (red) survey periods. Species shown include five positive and five negative changes in 
each origin group (endemic, indigenous and naturalized). Shading is used to visually distinguish 
among origin groups. Species identified only to genus were included only if the taxon was not 
already presented. Values are a proportion of sampled locations (n = 44 relevé plots), and are 
tabulated in Appendix 5. 

 

The magnitude of change in occurrence varied considerably by species (Figure 7; Appendix 5). 
For example, the endemic tree fern Cibotium menziesii occurred in 70% of the relevé plots in 
1977, but was only recorded in 5% of the plots in 2015. In contrast, the endemic shrub 
Vaccinium reticulatum was not recorded at all in 1977, but in 2015 was found at 14% of the 
plots. Likewise, Ageratina riparia, a naturalized perennial herb, was found on 41% of the plots 
in 1977 but was absent in 2015, whereas the incidence of the aggressive weedy species Rubus 
ellipticus increased from 5 to 39% between the two survey periods.  

Changes in frequency over time have affected endemics and indigenous species 
disproportionally compared to naturalized species (including genera not identified to the species 
level) (Figure 7). Fifty-nine endemic plant species declined in frequency, whereas 21 species 
increased (three were unchanged), and 11 indigenous species declined compared to five that 
increased in prevalence (Appendix 5). In contrast, 29 naturalized species declined in frequency, 
but 25 increased (two were unchanged). In general, the prevalence of endemics and 
indigenous species changed by an average of -8% (range -66 to 32%) and -6% (range -27 to 
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7%), respectively, whereas naturalized species differed little in occurrence between periods 
(mean = -1%; range -41 to 34%; Appendix 5). 

The relationship of species richness and origin also differed between surveys depending on 
elevation (Figure 8). The number of endemic species identified in 1977 declined with elevation 
(p = 0.001), and significantly differed from the pattern recorded in 2015 (interaction p < 0.001) 
which was not related to elevation (p = 0.203). Indigenous species also demonstrated a 
negative relationship with elevation in 1977 (p = 0.015) that significantly differed (interaction p-
value < 0.001) from the positive trend observed in 2015 (p = 0.007). Naturalized species 
richness for both periods significantly declined with elevation (1977, p < 0.001; 2015, p = 
0.003), however, the trends did not differ statistically (interaction p-value=0.777).  

 

 

 
 

Figure 8. Plant species richness by survey period as a function of species origin (endemic, 
indigenous, and naturalized) and elevation. For comparability, species richness counts are 
limited the subset of relevé plots sampled in both surveys (n = 44). Species richness and origin 
data are listed in Appendix 6. 
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Native and non-native plant species demonstrated contrasting patterns of change in elevational 
distribution. Endemics considered as keystone species generally showed little or only a modest 
contraction in distribution in the study area (Table 3). Exceptions were noted for Acacia koa 
which was absent from stations at the highest elevation and the matted fern, Dicranopteris 
linearis, which extended to lower elevations in 2015. In comparison with endemics, naturalized 
species generally expanded in distribution, albeit to differing extents. For example, of the three-
naturalized species with high invasive potential and showing the greatest change in occurrence 
within relevé plots (Figure 7), Psidium cattleianum and Setaria palmifolia changed little in 
minimum-maximum elevation distribution (Table 3). However, both species became more 
prevalent in 2015 and “filled in” many of the gaps observed in their 1977 distribution (Figures 9 
and 10). In comparison, the aggressive weedy species Rubus ellipticus expanded both in 
occurrence and elevational distribution, with a marked expansion into the study area (Figure 
11). 

In addition to changes in species distribution and composition, forest structure changed 
between survey periods. Changes were evident in all physiognomic categories, including 
dominant and sub-dominant tree canopy cover, shrub and herbaceous cover, dominant tree 
canopy height, and tree and matted fern plant forms. 

Canopy cover for the dominant and sub-dominant tree layers was less in 2015 relative to 1977 
(Figure 12). Specifically, the proportion of relevé plots in the 1–25% cover categories were 
fewer in 1977 compared to 2015, and fewer in the > 25% cover categories for the latter 
survey. A comparable decrease in canopy cover was also evident in the sub-dominant 
proportion of relevé plots. Tree canopy height also decreased as reflected in the proportion of 
relevé plots in the larger height categories (Figure 13). The reduction in height was particularly 
pronounced for the categories that included tree canopies > 20 m; 29% of plots in 1977 but 
none in 2015 were attributed to these larger categories. 

The changes to the dominant tree layer for the study area as a whole were similar to those 
observed in the relevé plots. The canopy cover of dominant tree species, primarily ‘ōhi‘a, 
declined at low and mid elevations (< 1,500 m) mainly where the canopy had been classified as 
open (> 25–60% cover) in 1977 (Figure 14). That is, open canopy forest became 
disproportionately more open. At higher elevations, the dominant tree canopy cover declined 
most where the canopy had been classified as closed (> 60% cover) in 1977. Thus, the loss of 
canopy cover was greatest in forest that was previously classified as closed. This shift was 
accompanied by an increase in the proportion of stations assigned to the very sparse (0–5%) 
and sparse (> 5–25%) cover categories. 

The general decrease in canopy cover also corresponded with a reduction in dominant tree 
canopy height across the study area, particularly at low and mid-elevations (Figure 15). For 
example, the proportion of stations in the largest (> 10 m) height category decreased from 
90% in 1977 to 37% in 2015 at low elevations, with a concomitant increase from 7% to 55% in 
the 5–10 m category. The shift between height categories was less evident at the high elevation 
sites. 

Shrub and herbaceous plant cover exhibited a decrease similar that noted for the dominant and 
sub-dominant tree canopies. The proportion of relevé plots in the shrub cover categories > 
50% decreased from a total of 86% in 1977 to 38% in 2015, with the greatest difference in the 
higher cover categories (Figure 16). Likewise, the herbaceous plant cover categories > 50% 
decreased from a total of 95% in 1977 to 38% in 2015. 
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Table 3. Plant species occurrence relative to elevation in 1977 and 2015. The analysis of plant species was limited to those 
considered to be keystone endemic/indigenous species or aggressive naturalized weeds. Endemic, indigenous and naturalized 
species are indicated with “E”, “I” and “N”, respectively in column “Origin”. Elevation metrics include minimum (Min), maximum 
(Max), median (Med), and span, defined as the difference between minimum and maximum elevations within a year. Cells with no 
values indicate that the species was not recorded that year. The differences in occurrence between survey periods are presented 
under the header “Difference”. Cells for endemic and indigenous species are highlighted in blue where records indicate a contraction 
in distribution between surveys (i.e., an increase in minimum recorded elevation; a decrease in maximum recorded elevation; or a 
decrease in the elevation span). Cells for naturalized species are highlighted in red where records indicate an expansion in elevation. 
Species are arranged with endemic species listed alphabetically in the upper part of the table, followed by indigenous and non-native 
species in the lower portions. For comparability, data are limited to the subset of presence-only stations sampled in both surveys (n 
= 176; see Figure 3). 

  1977 
Max 

Med 

Span 

 
2015 
Max 

Med 

Span 

 
Difference 

Max 

Med 

Span 

Species Origin Min Max Med Span 
 

Min Max Med Span 
 

Min Max Med Span 

Acacia koa E 912 2,018 1,332 1,106 
 

919 1,782 1,330 863 
 

7 -236 -2 -243 

Cibotium glaucum E 964 1,865 1,155 901  756 1,809 1,142 1,053  -208 -56 -13 152 

Dicranopteris linearis E 866 1,860 1,160 994 
 

728 1,809 1,106 1,081 
 

-138 -51 -54 87 

Metrosideros polymorpha E 756 1,865 1,229 1,109 
 

866 1,865 1,213 999 
 

110 0 -16 -110 

Perrottetia sandwicensis E 990 1,570 1,257 580 
 

756 1,277 1,156 521 
 

-234 -293 -101 -59 

Rubus hawaiensis E 1,119 1,809 1,520 690 
 

1,164 1,809 1,755 645 
 

45 0 236 -45 

Freycinetia arborea I 971 1,213 1,110 242 
 

875 1,223 1,054 348 
 

-96 10 -57 106 

Andropogon virginicus N 866 1,500 1,132 634 
 

1,297 1,297 1,297 - 
 

431 -203 165 -634 

Anemone hupehensis N 964 1,283 1,112 319 
 

1,038 1,269 1,190 231 
 

74 -14 78 -88 

Clidemia hirta N - - - - 
 

728 995 922 267 
 

728 995 922 267 

Ehrharta stipoides N 1,259 1,782 1,463 523 
 

1,027 1,782 1,290 755 
 

-232 0 -173 232 

Hedychium gardnerianum N 1,070 1,078 1,074 8 
 

906 1,286 1,112 380 
 

-164 208 38 372 

Passiflora tarminiana N 1,132 1,277 1,196 145 
 

1,164 1,290 1,227 126 
 

32 13 31 -19 

Psidium cattleianum N 756 1,300 977 544 
 

728 1,286 1,012 558 
 

-28 -14 35 14 

Rubus argutus N 910 1,782 1,185 872 
 

1,142 1,782 1,268 640 
 

232 0 84 -232 

Rubus ellipticus N 1,106 1,259 1,187 153 
 

906 1,500 1,149 594 
 

-200 241 -38 441 

Setaria palmifolia N 728 1,190 1,050 462 
 

756 1,257 1,068 501 
 

28 67 18 39 

Tibouchina herbacea N - - - - 
 

964 1,257 1,082 293 
 

964 1,257 1,082 293 
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Figure 9. Change in the occurrence of Psidium cattleianum between the 1977 and 2015 survey periods. For comparability, data are 
limited to the subset of presence-only stations sampled in both surveys (n = 271). Background image is the same for both panels.  
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Figure 10. Change in the occurrence of Setaria palmifolia between the 1977 and 2015 survey periods. For comparability, data are 
limited to the subset of presence-only stations sampled in both surveys (n = 271). Background image is the same for both panels.  
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Figure 11. Change in the occurrence of Rubus ellipticus between the 1977 and 2015 survey periods. For comparability, data are 
limited to the subset of presence-only stations sampled in both surveys (n = 271). Background image is the same for both panels. 
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Figure 12. Dominant (left panel) and sub-dominant tree canopy cover (right panel) recorded in 
1977 (blue) and 2015 (red), as a proportion of sampled locations (n = 44 relevé plots). 
Vegetation cover data are listed in Appendix 7. 

 

 

Figure 13. Dominant tree canopy height recorded in 1977 (blue) and 2015 (red), as a 
proportion of sampled locations (n = 44 relevé plots). Vegetation height data are listed in 
Appendix 8. 
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Figure 14. Dominant tree canopy cover by elevation recorded across the study area in 1977 
(blue) and 2015 (red), as a proportion of sampled locations (n = 534 survey stations). Shading 
is used to visually distinguish among elevation groups. Canopy cover data are listed in Appendix 
9. 

 

 

Figure 15. Dominant tree canopy height by elevation recorded across the study area in 1977 
(blue) and 2015 (red), as a proportion of sampled locations (n = 534 survey stations). Shading 
is used to visually distinguish among elevation groups. Canopy height data are listed in 
Appendix 9. 
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Figure 16. Shrub (left panel) and herbaceous plant cover (right panel) recorded in 1977 (blue) 
and 2015 (red), as a proportion of sampled locations (n = 44 relevé plots). Plant cover data are 
listed in Appendix 7. 

 

Changes in frequency were evident for those species grouped into “tree fern” and “matted fern” 
categories (Figure 17). As a group, tree ferns declined (64–55%) whereas matted ferns 
increased (17–29%) in occurrence. 

 

 

Figure 17. Dominant fern types recorded across the study area in 1977 (blue) and 2015 (red), 
as a proportion of sampled locations (n = 534 survey stations). Data are tabulated in Appendix 
4. 



23 
 

Threshold indicator taxa analysis showed that in 2015 the occurrences of several native 
(endemic and indigenous) plant species were significantly and consistently associated with non-
native (naturalized) species richness. Both negative and positive co-occurrence patterns were 
evident, and change points in community composition for both groups of natives were apparent 
where at least one or more non-native species were present (Figure 18). Of the 73 native 
species (or genera if plants were not identified to species-level), 16 natives demonstrated a 
negative and six a positive pattern of co-occurrence with non-natives. No significant correlations 
among native and non-native occurrence patterns were apparent in 1977. 

 

 

Figure 18. Native plant taxa demonstrating a significant and consistent pattern of co-occurrence 
with non-native species. Black and red symbols correspond to negative (z-) and positive (z+) 
patterns, respectively, and are sized in proportion to magnitude of the association. Horizontal 
lines overlapping each symbol represent 5th and 95th percentiles of bootstrap replicates. 

 

Ungulate impacts 
The incidence and severity of pig digging differed considerably between survey periods (Figure 
19). Whereas pig sign was noted at 73% of the stations in 1977, it was noted at only 11% of 
stations and mostly below 1,200 m in 2015 (Figure 20). Where it occurred in 2015, the extent 
of digging was almost entirely limited to < 30% of the sample area at stations (mean = 15%); 
in contrast, digging extent in 1977 ranged up to 100% (mean = 38%). Although pig digging 
appeared to be nearly absent within the ungulate exclusion area, the relationship of fencing and 
the incidence of pig sign was not significant (t157 = -0.967; p = 0.168), possibly because of the 
low frequency of sign both inside and outside fenced areas. 
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Figure 19. Extent of pig digging within a 10-m radius area in 1977 (blue) and 2015 (red), as a 
proportion of sampled locations (n = 534 survey stations). Data are tabulated in Appendix 10. 
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Figure 20. Signs of pig digging recorded across the study area in 1977 and 2015, as a proportion of the sample area at stations (n = 
534 survey stations) and ungulate exclusion fencing (established after the 1977 survey). Background image is the same for both 
panels. 
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Bird community 
The native bird species detected in the study area in either 1977 and/or 2015 consisted of 1 
raptor, 1 goose and 9 passerines (Table 4). All the native species are residents that are endemic 
in origin, and 6 are federally listed as threatened or endangered species. Non-native 
(naturalized) bird species detected in one or both survey periods consisted of 21 species. 
 

Table 4. Native and non-native bird species detected in 1977 and/or 2015. Species listing order 
follows that of the American Ornithologists’ Union Check-list (1998) and supplements (Chesser 
et al. 2015), with native species in the upper part of the table, followed by non-native species in 
the lower portion. A threatened or endangered federal listing status is noted as “T/E” and non-
listed species are indicated with a dot. 

Common name Species name Acronym Status 

Hawaiian hawk (‘Io) Buteo solitarius HWAH E 

Hawaiian goose (Nēnē) Branta sandvicensis HAGO E 
Hawai‘i ‘elepaio Chasiempis sandwichensis  HAEL · 

‘Ōma‘o Myadestes obscurus OMAO · 
‘Ō‘ῡ Psittirostra psittacea OUXX E 

Hawai‘i ‘amakihi Chlorodrepanis virens virens HAAM · 
‘Akiapōlā‘au Hemignathus wilsoni AKIP E 

Hawai‘i creeper Loxops mana HCRE E 

Hawai‘i ‘ākepa Loxops coccineus  HAAK E 
‘I‘iwi Drepanis coccinea IIWI · 

‘Apapane Himatione sanguinea APAP · 

Erckel's francolin Pternistis erckelii ERFR · 
Kalij pheasant Lophura leucomelanos KAPH · 

Ring-necked pheasant Phasianus colchicus RPHE · 
Wild turkey Meleagris gallopavo WITU · 

California quail Callipepla californica CAQU · 
Gambel's quail Callipepla gambelii GAQU · 

Spotted dove Streptopelia chinensis SPDO · 

Zebra dove Geopelia striata ZEBD · 
Japanese bush-warbler Cettia diphone JABW · 

Melodious laughing thrush (Hwamei) Leucodioptron canorum MELT · 
Red-billed leiothrix Leiothrix lutea RBLE · 

Common myna Acridotheres tristis COMY · 

Northern mockingbird Mimus polyglottos NOMO · 
Japanese white-eye Zosterops japonicus JAWE · 

Sky lark Alauda arvensis SKLA · 
House sparrow Passer domesticus HOSP · 

Scaly-breasted munia Lonchura punctulata NUMA · 

Yellow-fronted canary Serinus mozambicus YFCA · 
House finch Haemorhous mexicanus HOFI · 

Saffron finch Sicalis flaveola SAFI · 
Northern cardinal Cardinalis cardinalis NOCA · 

 

Eleven native bird species were detected in 1977 and nine were detected in 2015. Five native 
bird species were locally common in both 1977 and 2015: ‘apapane, ‘ōma‘o, Hawai‘i ‘amakihi, 
Hawai‘i ‘elepaio and ‘i‘iwi (Figure 21, Appendix 12, Table 5). Three additional natives, 
‘akiapōlā‘au, Hawai‘i ‘ākepa, and Hawai‘i creeper (all federally listed as endangered), were 
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detected at very low abundances in 1977 and were almost absent in 2015. For example, counts 
of Hawai‘i creeper in 1977 totaled 23 birds but only 1 bird in 2015. A total of 14 individuals of 
the endangered ‘ō‘ῡ were detected at 6 stations in 1977. However, it was the rarest species 
detected during the 1977-1979 Hawai‘i Forest Bird Survey (Scott et al. 1986) and is now likely 
extinct because the last confirmed sighting on Hawai‘i Island was made in Hawai‘i Volcanoes 
National Park in 1987 (Reynolds and Snetsinger 2001). Both the Hawaiian hawk and Hawaiian 
goose are excluded from the following summary of results because they generally occur at low 
densities and are not well sampled with the distance-based survey technique applied in this 
study. 

Bird counts for all native species, except ‘apapane and Hawai‘i ‘amakihi, were lower in 2015 
compared to 1977 (Figure 21, Appendix 12, Table 5). ‘I‘iwi demonstrated the largest change (-
78%) in abundance between periods, followed by Hawai‘i ‘elepaio (-48%) and ‘ōma‘o (-28%). 
All native bird species were also detected at proportionally fewer survey stations in 2015 
compared to 1977. ‘I‘iwi occurrence declined most (-32%), followed by Hawai‘i ‘elepaio (-18%) 
and ‘ōma‘o (-15%). The endangered species changed least in occurrence because they were 
rare throughout the study area during both surveys. The akiapōlā‘au, Hawai‘i ‘ākepa, and 
Hawai‘i creeper were present at 1–2% of stations in 1977, and < 1% in 2015. 

Fifteen non-native bird species were detected in 1977 and 14 were detected in 2015. In 
contrast to the almost uniformly negative changes observed for native birds, the abundance 
and occurrence of non-native species were more variable between surveys (Figure 21, Appendix 
12, Table 5). The most ubiquitous species, the Japanese white-eye, was found at over 75% of 
all stations in both 1977 and 2015, and although abundance increased by 11%, it differed little 
in occurrence (-1%). The red-billed leiothrix was present at 37% of stations in 1977, but its 
abundance and occurrence decreased by 23% and 10%, respectively, in 2015. The Japanese 
bush-warbler, was not detected in 1977 (having only colonized Hawai‘i Island in 1997; Nelson 
and Vitts 1998), but by 2015 it was the second-most abundant species and occurred at 32% of 
all survey stations. 

Besides the Japanese bush-warbler, five other non-native bird species (Erckel's francolin, kalij 
pheasant, saffron finch, wild turkey, and yellow-fronted canary) were not detected in 1977 but 
were recorded in 2015. Although these species may be newly invasive to the region, all 
occurred at low abundances and occurrences in 2015. Counts for each species totaled < 10 
birds and detections were limited to < 1% of all sampled stations for all but the yellow-fronted 
canary, which totaled to 56 birds at 6% of stations. Colonization of the study area by newly 
detected species was matched by the potential extirpation of five species by 2015 (California 
quail, house sparrow, northern mockingbird, scaly-breasted munia (also known as nutmeg 
manikin), and ring-necked pheasant). All of these species occurred at low abundances and 
occurrences in 1977 (total counts for each species were < 10 birds and detections were limited 
to < 2% of all sampled stations for all but the ring-necked pheasant which totaled to 100 birds 
at 10% of stations). 
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Figure 21. Native and non-native bird species distribution in 1977 (blue) and 2015 (red), as a 
proportion of sampled locations (n = 534 survey stations). Species are presented alphabetically 
within origin group. Shading used to visually distinguish between origin groups. Proportion 
values are listed in Table 5. 
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Table 5. Bird abundance and distribution in 1977 and 2015. Table includes total bird counts, 
number of stations at which a species was detected, and proportion (%) of samples (n = 534 
survey stations) with detections. Species not detected during a survey are indicated with a      
“—“.The difference between surveys in total counts, and number and proportion of stations with 
detections are presented under the header “Difference“. Cells are shaded relative to overall 
magnitude within each column, with blue indicating an increase and red a decrease in the 
respective metric. Species acronyms are defined in Table 4, and are arranged with native 
species listed alphabetically in the upper part of the table, followed by non-native species in the 
lower portion. Proportion values are presented graphically in Figure 21. 
 

  1977    2015   Difference 

Species Counts Stns Prop  Counts Stns Prop  Counts Stns Prop 

AKIP 12 9 1.7 
 

3 3 0.6 
 

-9 -6 -1.1 
APAP 1928 417 77.4 

 
2143 397 73.9 

 
215 -20 -3.4 

HAAK 15 10 1.9 
 

3 2 0.4 
 

-12 -8 -1.5 

HAAM 366 185 34.3 
 

413 138 25.7 
 

47 -47 -8.6 

HAEL 381 227 42.1 
 

200 130 24.2 
 

-181 -97 -17.9 

HAGO 25 9 1.7 
 

— — — 
 

-25 -9 -1.7 

HCRE 23 13 2.4 
 

1 1 0.2 
 

-22 -12 -2.2 

HWAH 3 3 0.6 
 

6 6 1.1 
 

3 3 0.6 

IIWI 657 243 45.1 
 

147 69 12.8 
 

-510 -174 -32.2 

OMAO 1417 454 84.2 
 

1015 373 69.5 
 

-402 -81 -14.8 

OUXX 14 6 1.1 
 

— — — 
 

-14 -6 -1.1 

CAQU 8 7 1.3 
 

— — — 
 

-8 -7 -1.3 
COMY 87 29 5.4 

 
34 13 2.4 

 
-53 -16 -3.0 

ERFR — — — 
 

2 2 0.4 
 

2 2 0.4 

GAQU 1 1 0.2 
 

— — — 
 

-1 -1 -0.2 

HOFI 95 43 8.0 
 

38 23 4.3 
 

-57 -20 -3.7 

HOSP 1 1 0.2 
 

— — — 
 

-1 -1 -0.2 

JABW — — — 
 

454 172 32.0 
 

454 172 32.0 

JAWE 1284 429 79.6 
 

1427 421 78.4 
 

143 -8 -1.2 

KAPH — — — 
 

5 4 0.7 
 

5 4 0.7 

MELT 136 90 16.7 
 

95 62 11.5 
 

-41 -28 -5.2 

NOCA 185 124 23.0 
 

162 109 20.3 
 

-23 -15 -2.7 

NOMO 1 1 0.2 
 

— — — 
 

-1 -1 -0.2 

NUMA 9 5 0.9 
 

— — — 
 

-9 -5 -0.9 

RBLE 411 201 37.3 
 

316 146 27.2 
 

-95 -55 -10.1 

RPHE 100 56 10.4 
 

— — — 
 

-100 -56 -10.4 

SAFI — — — 
 

1 1 0.2 
 

1 1 0.2 

SKLA 19 15 2.8 
 

— — — 
 

-19 -15 -2.8 

SPDO 3 3 0.6 
 

13 10 1.9 
 

10 7 1.3 

WITU — — — 
 

8 5 0.9 
 

8 5 0.9 

YFCA — — — 
 

56 34 6.3 
 

56 34 6.3 

ZEBD 3 2 0.4 
 

15 12 2.2 
 

12 10 1.9 

  



30 
 

The relationship of bird species richness and origin differed between the 1977 and 2015 surveys 
depending on elevation (Figure 23). The number of native species recorded in both periods 
increased with elevation (1977, F1,532 = 377.9, p < 0.001; 2015, F1,53 2= 470.3, p < 0.001), and 
although mean richness was lower in 2015 (1977 mean = 2.9; 2015 mean = 2.1; t53 3= 14.0, p 
< 0.001), the relationship to elevation did not significantly differ between surveys (interaction 
t1074 = -0.75, p = 0.451). In contrast, non-native species richness for both periods declined with 
elevation (1977, F1,532 = 19.0, p < 0.001; 2015, F1,532 = 60.2, p < 0.001), and although mean 
richness did not differ between periods (1977 mean = 1.9; 2015 mean = 1.9; t533 = -0.25, p = 
0.805), the trends were marginally dissimilar (interaction p-value = 0.033). 

 

 

Figure 22. Bird species richness by survey period as a function of species origin (native 
[endemic] or non-native [naturalized]) and elevation. For comparability, species richness counts 
are limited to the subset of stations sampled in both surveys (n = 534 survey stations). Mean 
species richness values by 100-m elevation stratum are tabulated in Appendix 11. 

 

The spatial distributions of native and non-native bird species richness were generally similar 
between the 1977 and 2015 surveys (Figures 23 and 24). In addition to the significant 
association with elevation exhibited by both groups, native species were more prevalent in 
upper elevation forest; whereas non-native species were more frequently encountered in the 
non-forest and degraded forest at the margins of the study area (also see Appendix 12 for 
maps of individual species’ distributions). 
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Figure 23. Native species richness recorded across the study area in 1977 and 2015 (n = 534 survey stations). Background image is 
the same for both panels.  
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Figure 24. Non-native species richness recorded across the study area in 1977 and 2015 (n = 534 survey stations). 
Background image is the same for both panels. 
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Total bird abundance (i.e., count per station) of all native and non-native species (pooled 
separately by group) demonstrated a pattern generally consistent with that noted for species 
richness (Figure 25). Native species abundance recorded in both periods increased with 
elevation (1977, F1,532 = 441.2, p < 0.001; 2015, F1,532 = 521.7, p < 0.001), and pooled mean 
abundance was lower in 2015 (1977 mean = 9.0; 2015 mean = 7.3; t533 = 6.2, p < 0.001). In 
addition, the relationship to elevation differed between surveys (interaction t1074 = 2.99, p = 
0.003), with the difference in abundance being most apparent at lower elevations. Like species 
richness, total non-native abundance for both periods declined with elevation (1977, F1,532 = 
11.9, p < 0.001; 2015, F1,532 = 25.0, p < 0.001). Although mean abundance was slightly higher 
in 2015 (1977 mean = 4.4; 2015 mean = 4.9; t533 = -3.0, p = 0.003), elevation trends by 
period were not statistically different (interaction p-value = 0.242). 

 

 
Figure 25. Native and non-native bird abundance (count per station) as a function of elevation 
between survey periods. Mean bird count values by 100-m elevation intervals are tabulated in 
Appendix 11. 

 

All native species (excluding the Hawaiian hawk and Hawaiian goose) demonstrated a 
contraction in distribution as a function of elevation between surveys (where contraction was 
defined as an increase in minimum elevation, or a decrease in maximum elevation; Table 6; 
Appendix 11). The native passerines demonstrated a mean decrease of 304 m in the minimum-
maximum span of occurrence records, with an upward shift in occurrence the predominant 
change in distribution. The three endangered and sparsely distributed species — ‘akiapōlā‘au, 
Hawai‘i ‘ākepa, and Hawai‘i creeper — were detected below 1,500 m in 1977, but were only 
observed above 1,500 m in 2015 (Appendix 12). Abundant and widely distributed species such 
as ‘apapane and ‘ōma‘o exhibited an elevational span reduced by 200 m or less between 
surveys, whereas the occurrence of others such as Hawai‘i ‘amakihi and ‘i‘iwi contracted by > 
400 m. 

Most non-native bird species expanded slightly in distribution (mean = 98 m; Table 6; Appendix 
11). The exceptions were two species — common myna and spotted dove — whose apparent 
contraction may be partly attributable to relatively low abundances and sparse distribution in 
both survey periods (Table 5, Appendix 12). Low overall abundance and absence at low 
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elevations in 1977 also account for the apparently large increase in distribution of the house 
finch and zebra dove. The three most common and widely distributed non-natives — Japanese 
white-eye, northern cardinal and red-billed leiothrix — (recorded from at last 20% of stations in 
both survey periods) increased 50 m or less on average (Table 6), with little shift in occurrence 
across the study area. 

Species-specific comparisons of bird counts in 1977 and 2015 consistently indicate that the 
abundance of native species declined at elevations below 1,500 m (Figure 26). Changes in 
abundance above 1,500 m were more varied: ‘i‘iwi counts declined at all elevations, but two 
species (‘apapane and Hawai‘i ‘amakihi) at increased in abundance above 1,500 m. Non-native 
birds demonstrated several patterns: increased abundance primarily at elevations below 700 m 
(melodious laughing-thrush and red-billed leiothrix); a modest decline above 1,300 m (Japanese 
white-eye); and little to no change in abundance (northern cardinal). Kolmogorov–Smirnov tests 
of the relationship of elevation and bird abundance (for species with sufficient data to analyze; 
i.e., counts > 100 in both years; see Table 5), confirmed as significant (p < 0.01 or less) the 
above changes in abundance for all species, except Northern cardinal (p = 0.867). 

In the surveyed area < 1,100 m asl, bird diversity shifted from an endemic-naturalized co-
dominated community in 1977 to one dominated by naturalized birds in 2015 (Figure 27). Six 
endemic and seven naturalized bird species were recorded during the 1977 survey, while four 
endemic and nine naturalized species were recorded during the 2015 survey on the same 
stations. Both sets of SADs curves were best approximated using a log normal model (Appendix 
2). However, the curves were not different from each other (Kolmogorov-Smirnov two-sample 
test; 1977: D = 0.238, p = 0.96; 2015: D = 0.167, p = 1.0; native birds: D = 0.250, p = 1.0 
and naturalized birds: D = 0.127, p = 1.0). 
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Table 6. Comparison of bird species occurrence relative to elevation in 1977 and 2015. Elevation metrics include minimum (Min), 
maximum (Max), mean (Mean), median (Med), and span, defined as the difference in the minimum and maximum within a year. 
Cells with no values indicate that the species was not recorded that year. The differences in occurrence between survey periods are 
presented under the header “Difference”. Cells for native species are highlighted in blue where records indicate a contraction in 
elevational occurrence between surveys (i.e., an increase in minimum recorded elevation; a decrease in maximum recorded 
elevation; or a decrease in the elevational span). Cells for non-native species are highlighted in red where records indicate an 
expansion in elevational occurrence. Species acronyms are defined in Table 4, and are arranged with native species listed 
alphabetically in the upper part of the table, followed by non-native species in the lower portion. 
 

 
1977 

 
2015 

 
Difference 

Species Min Max Mean Med Span 
 

Min Max Mean Med Span 
 

Min Max Mean Med Span 

AKIP 1,195 1,829 1,490 1,445 634 
 

1,570 1,676 1,637 1,666 106 
 

375 -153 147 221 -528 

APAP 600 2,018 1,381 1,357 1,418 
 

715 2,018 1,473 1,434 1,303 
 

115 0 92 77 -115 

HAAK 1,421 1,803 1,570 1,595 382 
 

1,669 1,755 1,726 1,755 86 
 

248 -48 157 160 -296 

HAAM 818 2,018 1,599 1,603 1,200 
 

1,219 1,981 1,663 1,660 762 
 

401 -37 64 58 -438 

HAEL 610 1,803 1,346 1,381 1,193 
 

893 1,846 1,444 1,467 953 
 

283 43 98 86 -240 

HAGO 1,565 1,992 1,890 1,910 427 
 

- - - - - 
 

- - - - - 

HCRE 1,498 1,700 1,608 1,605 202 
 

1,910 1,910 1,910 1,910 - 
 

412 210 302 305 -202 

HWAH 927 1,434 1,117 990 507 
 

699 1,575 1,185 1,180 876 
 

-228 141 68 190 369 

IIWI 928 2,018 1,547 1,556 1,090 
 

1,202 1,817 1,507 1,497 615 
 

274 -201 -40 -59 -475 

OMAO 622 2,018 1,317 1,311 1,396 
 

760 2,018 1,412 1,439 1,258 
 

138 0 95 128 -138 

OUXX 1,421 1,498 1,465 1,480 77 
 

- - - - -   - - - - - 

CAQU 1,278 1,782 1,451 1,454 504 
 

- - - - - 
 

- - - - - 

COMY 863 1,358 1,270 1,299 495 
 

1,156 1,259 1,224 1,223 103 
 

293 -99 -46 -76 -392 

ERFR - - - - - 
 

1,835 1,853 1,844 1,844 18 
 

- - - - - 

GAQU 1,835 1,835 1,835 1,835 - 
 

- - - - - 
 

- - - - - 

HOFI 1,182 1,863 1,429 1,358 681 
 

726 1,863 1,139 941 1,137 
 

-456 0 -290 -417 456 

HOSP 1,312 1,312 1,312 1,312 - 
 

- - - - - 
 

- - - - - 

JABW - - - - - 
 

608 1,439 1,083 1,105 831 
 

- - - - - 

JAWE 597 1,947 1,190 1,180 1,350 
 

597 1,981 1,212 1,219 1,384 
 

0 34 22 39 34 

KAPH - - - - - 
 

1,119 1,724 1,517 1,558 605 
 

- - - - - 

MELT 597 1,297 881 839 700 
 

597 1,424 844 823 827 
 

0 127 -37 -16 127 

NOCA 608 1,829 1,102 1,080 1,221 
 

597 1,863 1,106 1,075 1,266 
 

-11 34 3 -6 45 

NOMO 1,293 1,293 1,293 1,293 - 
 

- - - - - 
 

- - - - - 

NUMA 745 970 889 903 225 
 

- - - - - 
 

- - - - - 
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1977 

 
2015 

 
Difference 

Species Min Max Mean Med Span 
 

Min Max Mean Med Span 
 

Min Max Mean Med Span 

RBLE 716 1,803 1,356 1,297 1,087 
 

699 1,835 1,466 1,506 1,136 
 

-17 32 110 209 49 

RPHE 1,168 1,901 1,379 1,297 733 
 

- - - - - 
 

- - - - - 

SAFI - - - - - 
 

1,156 1,156 1,156 1,156 - 
 

- - - - - 

SKLA 1,296 1,901 1,551 1,358 605 
 

- - - - - 
 

- - - - - 

SPDO 887 1,297 1,026 895 410 
 

863 1,259 980 871 396 
 

-24 -38 -46 -24 -14 

WITU - - - - - 
 

1,250 1,867 1,466 1,257 617 
 

- - - - - 

YFCA - - - - - 
 

910 1,846 1,392 1,361 936 
 

- - - - - 

ZEBD 1,463 1,469 1,467 1,469 6 
 

866 1,336 1,207 1,242 470 
 

-597 -133 -260 -227 464 
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Figure 26. Difference in bird abundance between surveys relative to elevation. Negative values indicate 2015 counts were lower than 
that observed in 1977 at the station. Loess curves fit to the points show general patterns relative to elevation (e.g., the part of a 
curve above the 0 line signifies a higher abundance in 2015 compared to 1977.) Graphics are limited to species with sufficient data 
to depict (i.e., counts > 100 in both years; see Table 5).
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Figure 27. Rank-abundance plots for low elevation (< 1,000 m elevation) bird survey data by 
survey (1977 and 2015) and species origin (endemic and naturalized). 

DISCUSSION 

The landmark Hawaiian Forest Bird Survey (HFBS), conducted from 1976 to 1983, characterized 
plant and bird communities across all the major islands in the state except O‘ahu (Scott et al. 
1986). The results from this survey were used to conduct the first “gap analysis” to determine 
the extent of overlap of species range and protected areas in Hawai‘i (Scott et al. 1987), and 
contributed to the establishment of key conservation areas such as the Hakalau Forest National 
Wildlife Refuge, and various natural area reserves and watershed partnerships. Presently, this 
legacy dataset has considerable potential to serve as a basis for a long-term ecological study to 
determine how bird populations and their habitats have changed over time at local, regional 
and island-wide scales. Such studies are critical for understanding the emerging problems 
associated with land-use practices, invasive species, and climate change, as well as positive 
responses related to natural resource management programs. The HaBiTATS study described 
herein was conducted to demonstrate biodiversity monitoring methods for a select geographic 
region based on the HFBS, to highlight examples of change in native-dominated Hawaiian 
ecosystems, and to provide preliminary information on drivers of change over the nearly 40-
year span between surveys. 

Our comparative analysis of the 1977 and 2015 surveys demonstrated considerable change in 
both the plant and bird communities within the study area which matches the rapid declines in 
biodiversity seen globally (Butchart et al. 2010). Primarily comprised of mesic and wet native 
forest, the area is floristically species rich and the surveys identified 176 distinct plant species 
(plus another 46-species classified only to genus). The flora remained dominated by endemics, 
but the lower elevation areas contain an increasingly large component of invasive naturalized 
species. Select endemics considered to be “keystone” species (e.g., Acacia koa and 
Metrosideros polymorpha) showed little change in occurrence, in part perhaps because this 
group is mostly comprised of long-lived tree species. However, considerable but variable change 
was noted in the occurrence and distribution of other species. For example, the prevalence of 
the endemic tree-fern Cibotium menziesii decreased while C. glaucum remained relatively 
unchanged and naturalized species such as the invasive Rubus ellipticus increased markedly 
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over the survey period. Changes in occurrence were particularly evident for endemic and 
indigenous species compared to naturalized species, with the most pronounced declines in 
endemic and indigenous species richness occurring at low elevations. These changes can have 
profound impacts on ecosystem functioning and services (Isbell et al. 2011), and the 
persistence of native biodiversity and native-dominated forests under different environmental 
changes (Fortini et al. 2013). 

Over 10,000 introduced, naturalized plant species have been recorded in Hawai‘i (Imada et al. 
2006), of which about 50 are considered sufficiently invasive to reach dominance in natural 
areas (Staples and Cowie 2001, Kueffer et al. 2010). Declines in native species often occur 
simultaneously and in the same place as invasion by naturalized species (Gurevitch and Padilla 
2004). Thus, the incursion of invasive plants and its potential effect upon the native flora may 
be inferred from the co-occurrence patterns discerned for both groups. Sixteen native species 
demonstrated a negative association with non-native species richness. Competitive 
displacement may constitute the primary mechanism resulting in native species declines. For 
example, presence of the naturalized species strawberry guava (Psidium cattleianum) increased 
from one-third to nearly one-half of stations and became more prevalent on the relevé plots. 
The species is considered a serious threat to native forest ecosystems in Hawai‘i because of its 
ability to invade and form dense thickets in relatively undisturbed wet forests (Smith 1985, 
Huenneke and Vitousek 1990, Jacobi and Warshauer 1992, Asner et al. 2008). Where this and 
other naturalized species became more prevalent, predominantly in the lower third of the study 
area, native species declined. 

Disturbance by feral pigs may also produce the observed negative co-occurrence patterns 
between native and non-native plants (Nogueira-Filho et al. 2009, Oduor et al. 2010, Cole and 
Litton 2014). As an invasive species, feral pigs in Hawai‘i selectively forage on certain native 
species, including tree ferns (Cibotium and Sadleria spp.), lobeliads, and mints (Loope et al. 
1988), and seedlings are more likely to be damaged in the presence rather than absence of pigs 
(Drake and Pratt 2001). Pig damage can facilitate the establishment of invasive plants 
(Nogueira-Filho et al. 2009), particularly those with fleshy fruits, such as strawberry guava and 
banana poka (Passiflora mollissima) (Huenneke and Vitousek 1990, Strauch et al. 2016). 
Consequently, mutualistic relationships may exist between pigs and numerous non-native 
species, and non-native plant species generally benefit from such disturbance (Jauni et al. 
2015, Strauch et al. 2016). 

The incidence of pig sign was widespread in 1977 (73% of stations showed evidence of pig 
digging), but was infrequently encountered in 2015 (11% of stations). In addition to its 
diminished prevalence across the study area, the extent of pig digging within station plots (and 
presumably vegetation damage) was much reduced in 2015 relative to 1977. To some extent 
this might be attributed to relatively high rainfall in 2015 that may have obscured pig sign and 
limited its detection (Hilo airport rainfall data shows that precipitation in 1977 was 27% below 
and in 2015 was 19% above the mean for the 40-year period; USGS in litt.). However, greater 
emphasis in Hawai‘i on watershed management and conservation actions that include ungulate 
control (Price et al. 2009, Yuen 2009, Iwashita 2012) perhaps constitutes the principal change 
in land-use in the study area, particularly in the higher elevations (see also Cole and Litton 
2014). This has resulted in the construction of fencing and the reduction or exclusion of 
ungulates from about 30% of the study area (Figure 20). It is noteworthy that in the higher 
elevations plant species richness changed very little between the two survey periods, which in 
part may be due to ungulate management in this area. Whereas, the near-halving of native 
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plant species richness at lower elevations (Figure 8) may indicate that long-term pig disturbance 
over time, in combination with increased richness and abundance of invasive plant species, 
continues to adversely affect forest composition in this and other areas (Strauch et al. 2016). 

In addition to changes in species composition and distribution, forest structure changed 
significantly over the past 40-years. Changes were evident for all physiognomic attributes, 
including dominant and sub-dominant tree canopy cover and height, and shrub and herbaceous 
layers. Decreased cover and height were particularly evident at low- and mid- elevations. The 
two- to three-fold reduction in shrub and herbaceous layer cover may be indicative of the long-
term effects of pig disturbance (Cole and Litton 2014) and by invasive canopy plant species 
(Asner et al. 2008) that preclude the establishment and regeneration of native plants, and can 
also adversely impact mid-canopy plant species. However, because of the slow-growth rates of 
‘ōhi‘a (Hart 2010), the primary tree species in much of the study area, the vegetation structure 
metrics applicable to dominant and sub-dominant tree components are not expected to reflect 
the effects of pig damage over the time period of these two surveys. Whereas, Asner et al. 
(2008:4522) showed that invasive “plants may fill otherwise unoccupied canopy space” thus 
reducing overall forest stature and biodiversity over very short time periods. 

The locations for the sample stations and relevé plots partially overlapped the ‘ōhi‘a dieback 
areas shown in Figure 5. Consequently, the reduction in the cover and height of the dominant 
and sub-dominant tree layer recorded may in part be attributable to ‘ōhi‘a dieback that occurred 
across the windward forests on the island of Hawai‘i in the late 1960s and 1970s. ‘Ōhi‘a dieback 
was described by Pratt and Jacobi (2009) as “a large-scale perturbation characterized by 
thinning of the tree crown, defoliation, and eventual death of most mature trees in even-aged 
stands or cohorts” and by Boehmer et al. (2013) as “a recurring natural phenomenon in the 
dynamics of Hawaii’s montane rain forests.” The shifts in size class distributions observed in this 
study, particularly at elevations < 1,500 m, were similar to that determined by Boehmer et al. 
(2013). Despite the shifts being a characteristic of natural succession, the presence of invasive 
plant species and a persistent seed bank (Drake 1998) in low elevation dieback areas may 
contribute to the conversion of native forest to land cover types comprised predominantly by 
non-native species (Asner et al. 2008). Potentially compounding these changes, there is a new 
threat that is killing ‘ohi‘a trees on the island of Hawai‘i. This is known locally as “Rapid ‘Ōhi‘a 
Death” (ROD) and attributable to one or more previously unknown forms of the fungal pathogen 

Ceratocystis fimbriata, which has recently been expanding its range and impacts on Hawai‘i 
Island (Friday et al. 2015). We did not document ROD-like symptoms in the resurvey area, 
although in 2015 ROD had been isolated and identified in dead trees at several locations 
adjacent to the resurvey area. If ROD continues to expand into upper elevation habitats, 
particularly in areas already experiencing natural ‘ohi‘a a dieback and regeneration, it may have 
an additional impact on both the bird and plant communities found there. This impact on native 
forest bird populations was also identified as a concern with the earlier dieback on windward 
Hawai‘i (Jacobi 1993). However, much of the forest that was impacted then has now shown 
remarkable recovery of the tree canopy as ‘ōhi‘a has become reestablished Boehmer et al. 
(2013). 

The Hawaiian avifauna has experienced the highest modern extinction rate in the United States 
(Loope 1998). Ten bird species in Hawai‘i likely have disappeared since the start of the HFBS in 
1976 (Gorresen et al. 2009), and an additional species, the Hawaiian crow (‘alalā; Corvus 
hawaiiensis), is extinct in the wild (but survives in captivity). Eleven native (one raptor, one 
goose and nine passerines, four of which are listed as endangered) and 21 non-native bird 
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species were identified within the study area. The endangered species were rare in 1977 and 
almost absent in 2015, with the ‘ō‘ῡ becoming extinct in the intervening period. Except for the 
widespread and abundant ‘apapane, the abundance and distribution of native birds was lower in 
2015 compared to 1977. Non-native bird species abundance and occurrence patterns were 
mixed: 7 species observed in 1977 were not detected in 2015, whereas 6 species were newly 
detected in the latter survey. Some widespread species showed no change (Japanese white-
eye), others declined (red-billed leiothrix), and some newly established species (Japanese bush-
warbler) are now abundant in the study area. 

The biodiversity patterns identified in this study may be associated with several general drivers 
of ecosystem change: climate change, invasive species, and land-use changes including active 
resource management (e.g., fencing areas to exclude feral pigs). Although the relative role of 
each of these causal factors may be difficult to identify, habitat loss and degradation, 
introduced predators, competitors and disease are recognized as the major agents of native 
forest bird decline (Banko and Banko 2009). Scott et al. (1986) showed that foliage volume 
(crown cover and canopy height) was sufficiently precise to relate species abundance and 
occurrence. Moreover, they found that native birds were associated with more developed 
forests and that bird richness and diversity declined in lower stature, more open habitats.  

Forest bird food resources, nectar, fruits, and insects, are typically assumed to vary positively 
with vegetation structure and floristic composition, thus differential response by native birds 
related to structure and composition can act as indicators of habitat condition and quality. This 
relationship was substantiated in low elevations where key arthropod prey, especially 
caterpillars and spiders, occurred at low abundances (Banko et al. 2015) compared to arthropod 
prey at high elevations (Peck et al. 2008). In our study, we observed reduced abundance and 
occurrence for most native birds presenting a striking coincidental negative response to lower 
structure, more open canopy habitats with naturalized plants between 1977 and 2015. 
Furthermore, we detected declines among all three general foraging guilds—insectivore, 
nectarivore and frugivore—a stronger indication of bird response to changing habitat (Block et 
al. 1995). ‘Apapane and Hawai‘i ‘amakihi are food-generalist species (Banko and Banko 2009) 
and may not have been as adversely impacted by habitat change. This difference suggests that 
habitat changes more strongly affected birds with specialized habitat requirements and food 
resources. We found this result surprising because Lack (1969) and Cox and Ricklefs (1977) 
showed that island bird species undergo ecological release that includes occupying a wider 
array of niches than a similar continental taxon. It is thus believed that island species may be 
better able to withstand habitat change. However, a majority of the Hawaiian specialist birds 
and many intermediate species are extinct (Banko and Banko 2009), and the surviving forest 
birds are the most generalist species and better able to withstand habitat changes. If that is the 
case, then it appears that in our study area the forest structure and composition, and 
presumably the habitat condition and quality, has crossed some threshold level and may no 
longer support long-term populations of native birds (Wiens 1994). 

Scott et al. (1986) determined that non-native bird species richness is associated with open 
shrubs and dense ground cover. Both shrub and herbaceous cover was greater in 1977 than in 
2015; thus, the understory habitat is now more open. Non-native birds that preferentially select 
more open canopy but closed understory habitats, such as house finch, northern cardinal and 
red-billed leiothrix, should therefore have increased with the increasingly closed understory, 
which was not observed. Two possible explanations are increases in matted ferns and 
interspecific competition. Matted fern creates a habitat that is probably too dense for foraging 
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and the general decrease in non-native birds could be negatively related to observed increases 
in matted ferns. 

Scott et al. (1986) and Mountainspring and Scott (1985) both concluded that interspecific 
competition between native and non-native Hawaiian birds is weak, but that native species may 
still be displaced by ecologically similar non-native species. In contrast, interspecific competition 
may be more prevalent among non-native bird species. Japanese bush-warbler and red-billed 
leiothrix both occur in habitats with dense shrub and ground cover, thus bush-warbler may 
compete with leiothrix. By the late 1970s leiothrix were well established on Hawai‘i Island and in 
relatively high densities in the study area (densities ranging from 1–10 birds km-2 in low 
elevations to 401–800 birds km-2 in high elevations; Scott et al. 1986). The bush-warbler 
colonized Hawai‘i Island in 1997 (Nelson and Vitts 1998) and continues rapidly spreading across 
the island; it was the second-most abundant species and occurred at one-third of all survey 
stations in 2015. 

The ecological and geographical overlap of these two non-native species puts bush-warbler in 
direct competition with leiothrix. Given the dramatic increase in the former species and equally 
dramatic decline in the latter species between 1979 and 2015 it appears that bush-warbler may 
be competitively reducing, if not entirely displacing, leiothrix. This phenomenon may be 
exacerbated where lowland populations of leiothrix are limited by high temperatures (Scott et 
al. 1986); thus, giving the bush-warbler a competitive edge under increasing temperatures 
(Giambelluca et al. 2008). 

Independent of habitat condition and quality, disease, particularly avian malaria (Plasmodium 
reticulum), restricts many native forest birds to high elevations where temperatures are too cool 
for the Plasmodium parasite to complete its life cycle and for the principal vector of avian 
malaria, the invasive southern house mosquito (Culex quinquefasciatus) (Samuel et al. 2011) to 
thrive. Consequently, species richness and the distributional span of bird occurrence are closely 
associated with elevation by way of the correlation with temperature and precipitation. The 
patterns observed for native birds in this study largely conform to that expected from disease-
related factors. In general, the climate in Hawai‘i has gotten warmer and wetter on windward 
slopes (Chu and Chen 2005, Giambelluca et al. 2008, 2013, 2014), which can directly affect the 
suitability of species’ niche. The influence of climate change as an ecosystem driver is, however, 
confounded by the interaction of climate-mediated disease and invasive species. 

In the middle and high elevation forests where temperatures were previously too cool for avian 
malaria and mosquitoes, projected climate changes indicate that these areas may continue to 
become less and less suitable habitat for native birds (Samuel et al. 2011, Fortini et al. 2015). 
For example, the climate change-mediated expansion of malaria into forest habitat was recently 
documented by Atkinson et al. (2014) for the Alakai Plateau on Kaua‘i Island. Native forest bird 
population ranges there have contracted and abundances have significantly declined since 2000 
(Paxton et al. 2016). Future climate change is projected to increase temperature 
disproportionately at upper elevations, thereby facilitating the expansion of avian disease and 
its vector and impacting the abundance and diversity of the remaining bird community 
throughout Hawai‘i (Fortini et al. 2015, Liao et al. 2015). 

Hawaiian ecosystems in many areas have also been considerably modified by human activity, 
and changes in land-use have consisted primarily of the conversion of native habitats to urban 
use or intensive agriculture. Management in the study area can be divided roughly into two 
portions comprising the upper two-thirds with management programs focused on protecting 
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and restoring native habitats and species, and historical and cultural resources, and the lower 
one-third with a predominantly multi-use forested watershed protection management priority. 
Habitat protection in the upper portion includes controlling major threats such as fire, feral 
ungulates and weeds, and out planting is the major restoration effort. In some areas in the 
middle and high elevation native forests there has been active resource management (e.g., 
fencing and removal of feral ungulates, weed control) to reduce the impacts of these 
detrimental invasive species. Since the 1977 survey an extensive portion in the upper study 
area has been fenced to exclude feral pigs (Figure 20). Current management in these areas also 
includes weed control. Thus, disentangling the influence of ungulate control from other land use 
changes is difficult without comparing regions with differing land-use histories but which are 
otherwise similar (e.g., analogous elevations and habitats). Because the sampling of plant 
relevé plots in 1977 occurred only at mid-elevations and high rains may have obscured ungulate 
sign in 2015, comparisons of biodiversity inside relative to outside the ungulate exclusion area 
are problematic. Nonetheless, based on ungulate control at Hakalau Forest National Wildlife 
Refuge, Hawai‘i Island, it is unlikely that we would see marked differences in the plant 
community in our study (Hess et al. 2010). The ungulate exclusion fence was established 
relatively recently and ungulate control is incomplete; therefore, there has been little time for 
the vegetation, and subsequently the birds, to respond favorably to the current management. 
Given sufficient time, we expect native biodiversity within the ungulate exclusion fencing to 
increase while native biodiversity in the lower portion of the study area, where threats have not 
been mitigated, continues to decline. 

In conclusion, there have been considerable changes in the plant and bird communities 
examined as part of this study, but many of these patterns are still unclear. Since HFBS the 
invasive weed front has steadily marched upslope into mid-elevation areas, and plant species 
composition, distribution, and forest structure have changed significantly. Changes in 
abundance and species richness patterns for both native and non-native birds were particularly 
prevalent at low elevations. Bird diversity shifted from an endemic-naturalized co-dominated 
community in 1977 to one dominated by naturalized, alien birds in 2015. This shift in species 
origins and reduction in native bird abundance may reflect the observed change in the forest in 
this area becoming dominated by naturalized plants that alter resource availability, habitat 
structure and quality, and competition with naturalized birds (Simberloff et al. 2013). 
Decreasing native biodiversity is in line with reduction in ecosystem resilience to environmental 
fluctuations and anthropogenic destructions (Hayek et al. 2007), which adversely impact 
ecosystem processes (Mascaro et al. 2012), services (Hobbs et al. 2009) and sustainability 
(Fischer et al. 2007). In summary, while we cannot make definitive conclusions at this time 
about which drivers had the largest impacts on plant and bird metrics in the study area, this re-
survey allowed us to document numerous significant changes in plant and bird communities, 
and to create a new baseline for future monitoring and analyses. Continued periodic and large-
scale assessment of biodiversity will permit stronger inference and attribution of the various 
ecosystem drivers such as climate change, land use and invasive species.  
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Abstract 

Biodiversity monitoring allows for asking broad conservation questions that 
include assessing changes in community structure and the range and persistence 
of rare and endangered native species. The Hawai‘i Forest Bird Survey (HFBS) 
project started over 30 years ago with transects on all major islands, except O‘ahu. 
During the survey both the plant and bird communities were characterized. The 
vegetation and bird data have recently been organized in databases. This provides 
an opportunity to resurvey selected areas to determine how both bird populations 
and their habitat have changed over time. Here we develop a design-optimized, 
biodiversity monitoring proposal with a modular design, with each geographic 
component having a range of sampling effort and a list potential conservation 
questions that could be answered by each level of effort. We also develop a survey 
plan to carry out the resurvey sampling. 

Keywords:  biodiversity, birds, climate change, Hawai‘i, invasive species, plants 

Introduction 

Biological diversity provides critical roles in a range of ecosystem services and helps resist 
perturbations (Thrush et al. 2009). Biodiversity is a broad and complex concept with many 
dimensions that can be defined in terms of composition, structure and function at multiple 
scales (Secretariat of the Convention on Biological Diversity 2010). Regardless of how 
biodiversity is defined or the scale assessed, losses of biodiversity have accelerated in the 
modern era and over the last two centuries (The Royal Society 2003), and several international 
initiatives have been implemented with the goal of decreasing, or preferably halting, the pace of 
biodiversity loss due to human activities (Secretariat of the Convention on Biological Diversity 
2010). Assessing the effectiveness of these initiatives requires monitoring. Specifically, 
monitoring aimed at tracking the composition and dynamics of biodiversity across spatial and 
temporal scales with clear links to drivers of change, including human activities, and ecosystem 
and human welfare (Balmford et al. 2005). Climate change, and its combined impacts with the 
above drivers of biodiversity change, is one of the most pressing environmental, conservation 
and management issues of our time. 

Lawton and May (1995) estimated that species extinctions, resulting in a reduction of 
biodiversity, is occurring at rates several orders of magnitude greater than those documented in 
the fossil record. Island species are especially vulnerable to extinction (Steadman 2006). Drivers 
of extinction include limited geographic range, small population sizes, low resistance to 
introduced predators and pathogens, and habitat alterations due to introduced species and 
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human activities. For example, within the last 400 years more than 90% of all bird extinctions in 
the world were of island species (Newton 1998). Although only 35 plants have gone extinct in 
Hawai‘i, approximately 50% of the remaining taxa are considered to be endangered, 
threatened, or unnaturally rare (682 of 1,351 species; Imada 2012, Wagner et al. 2005). 

The objective of this project is to prepare a scope of work for a resurvey and reanalysis of a 
subset of sites that were part of the early vegetation and forest bird surveys in the 1970s and 
1980s. These surveys are collectively known as the Hawai‘i Forest Bird Survey (HFBS; Scott et 
al. 1986). In 1976–1981, the U.S. Fish and Wildlife Service conducted systematic surveys of 
plant communities and forest birds on all of the main Hawaiian Islands, except O‘ahu. At all 
sampling stations a description of the vegetation type, occurrence of aggressive weedy plant 
species, impacts or sign of ungulate disturbance, and substrate type was recorded. At selected 
stations a detailed description of the vegetation structure and floristic composition was made 
using the relevé method (Scott et al. 1981, Mueller-Dombois and Ellenberg 2002). Bird sampling 
used the point-transect distance-sampling method to estimate the abundance of birds in a given 
area, based on a detection probability. Distances were estimated from the center of a sampling 
station to birds detected. The measures of distances were then modeled to calculate a species-
specific detection function and subsequently estimate bird density (Scott et al. 1986, Buckland 
et al. 2001). 

Buckland et al. (2012) identified a variety of biodiversity measures and indices that reflect 
community properties such as species richness and evenness, respectively. They considered 
measures derived from counts or abundance estimates, with a focus on quantifiable metrics 
applicable to identifying regional trends in biodiversity. Similarly, we propose to identify 
landscape gradients that, to the greatest extent possible, parse the effects of climate change, 
conservation management, and invasive species disturbance. To accomplish this, we evaluated 
the original HFBS vegetation and bird data to establish a baseline for contemporary data 
collection to answer questions of conservation interest in Hawai‘i. 

With existing meteorological data and consultation with experts we identify geographic subsets 
that isolate gradients of interest, including effects of climate change (e.g., rainfall), 
conservation management (e.g. fence construction), and introduced species (e.g., invasive 
plants). Temporally, inference is restricted to end-point comparisons of the HFBS baseline and 
subsequent resurvey. This will provide biodiversity assessments spanning > 30 years, which is 
one or more full generation for herbaceous plants and animals yet less than an acceptable 
timeframe for trees. Long-term ecosystem change may be assessed using a multi-proxy 
palaeoecological approach in an attempt to describe temporal changes in forests (i.e., dominant 
tree species; Willis et al. 2005). For this purpose, we will compare HFBS and resurvey data with 
projections of forest composition by Gon et al. (2006). Spatial inference however occurs over a 
wide range of scales, including point (i.e., sampling stations), transect (i.e., set of sampling 
stations), region (i.e., set of transects) and island-wide (i.e., set of regions) scales. Biodiversity 
monitoring inference will be most applicable at the regional scale, by pooling across point and 
transect sampling units (Nichols and Williams 2006, Buckland et al. 2012). 

Within geographic subsets we identify what questions might be answered with different levels 
of re-survey effort. For example, remote sensing methods might detect a landscape-wide 
change in strawberry guava (Psidium cattleianum), while duplicating the intensive vegetation 
sampling of the HFBS might detect a change in the density of native Stenogyne mints. Power to 
detect such changes with varying sampling effort will be estimated through simulations based 
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on variability in the original HFBS data while emphasizing a statistically robust sampling design 
including randomization, replication, assessment of coverage, assessment of bias, and 
assessment of detection probability (Cochran 1977, Scott et al. 1986, Thompson 2002, Kéry and 
Schmid 2004, Seavy and Reynolds 2007, Buckland et al. 2012). Community structure will be 
quantified by correlations between the presence and absence of select bird and plant species, 
while the power to estimate changes in structure given varying sampling effort will be based on 
simulations. 

In Section 2 we develop a biodiversity monitoring proposal with a modular design, with each 
geographic component having a range of sampling effort and list of conservation questions that 
could be answered by each level of effort. In Section 3 we present an optimized design based 
on the power analyses and identify regional biodiversity metrics to be monitored. In the final 
section, 4, we develop a survey plan to carry out the resurvey sampling. 

Limits to discern changes in vegetation and forest birds 

Here we develop a study plan to evaluate the original HFBS bird and vegetation data (as well as 
other collections of historical data) for use as a baseline for contemporary data collection. The 
study plan identifies geographic subsets that isolate environmental and stressor related 
gradients of interest, including effects of climate change (e.g., rainfall) and human development 
(e.g., invasive plants and ungulates). Broad conservation questions include assessing changes 
in community composition and structure, and the range and persistence of rare and 
endangered native species. The study plan has three key components: (1) careful a priori 
consideration of the biological system and factors that may have changed and the drivers that 
may contribute to change, (2) robust study design based on power analyses to increase 
parameter precision and power to detect specified changes, probabilistic selection of sampling 
units, and differences in detection probability (hereafter detectability), and (3) survey plan to 
conduct surveys, process and analyze data, and generate deliverables. 

The resurveys will focus on some of the nearly 100 transects on the Island of Hawai‘i that were 
included in the original surveys. Sites will be relocated as nearly as possible, and a field team 
will carry out forest bird surveys and plant community measurements replicating the original 
methodology. The data will be checked for quality assurance and control, entered into the 
database, and analyzed. The results of this work will be used to (1) verify whether or not the 
experimental design and plan for a larger study is adequate or needs modification, (2) provide 
preliminary information on drivers of change in forest ecosystems over the last 30 years, and 
(3) support proposals for funding a larger effort that accesses changes throughout the main 
Hawaiian Islands. 

Defining conservation and ecological questions and their associate parameters 

Biodiversity monitoring requires a clear justification for acquiring information, thus providing a 
rationale of the value of information by balancing the financial limitations with the urgency of 
conservation issues (McDonald-Madden et al. 2010). Nichols and Williams (2006) developed a 
decision tree for deciding when to implement monitoring versus implement management 
actions, within an adaptive management framework. Here we identify the conservation and 
ecological questions that can be addressed with data collected from a resurvey and comparison 
to the HFBS (Box 1). We also identify the conservation urgency to address select ecological and 
conservation questions. Gaining this insight requires resampling the HFBS, or some portion of 
the survey, as a prerequisite for understanding ecological processes. With this information, it is 
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possible to evaluate the fiscal-conservation rationale and inform adaptive management for 
biological conservation. 



54 
 

 

Box 1. Conservation and ecological questions that can be addressed from survey data 
collected along elevational gradients and their conservation urgency. Urgency based on 
criterion developed by McDonald-Madden et al. (2010). 

Question Urgency 

  Diversity  

Does native biodiversity decrease with changing climatic 
conditions? 

High 

Does native biodiversity decrease with increasing human-
driven habitat fragmentation? 

High 

Does native biodiversity decrease with increasing non-native 
biodiversity or abundance? 

High 

Does genetic diversity decrease as habitat fragmentation 
increases? 

Moderate 

  

  Distribution  

Is there a shift in native species’ distributions with changing 
climatic conditions? 

High 

Is there a shift in native species’ distributions with changing 
human-driven land use? 

Moderate 

Is there a shift in native species’ distributions with increasing 
levels of invasive species? 

High 

What changes in native species’ distributions occur in the 
arrival and altitudinal position of invasive species? 

High 

  

  Abundance  

Does native species’ abundance decrease with changing 
climatic conditions? 

High 

Does native species’ abundance decrease with increasing 
human-driven habitat fragmentation? 

High 

Does native species’ abundance decrease with increasing 
abundance of invasive species? 

Moderate 

Does the number of threatened and endangered species 
increase with changing climatic conditions? 

High 
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Elevational gradients, and identifying conservation and ecological hypotheses 

Sampling along elevational gradients is important for increasing our knowledge about broad-
scale diversity patterns, processes and mechanisms (Grytnes and McCain 2007), and identifying 
global drivers of biodiversity. Generally, a gradient is defined as the gradation from one 
ecosystem to another when there is no sharp boundary between them. Elevational gradients on 
Hawai‘i Island span multiple interacting factors, such as climatic (e.g., moisture), land cover, 
land use and management gradients, which affect biodiversity and ecosystem processes. 
Diversity patterns along elevational gradients typically are hump-shaped with maximum 
diversity richness occurring in mid-elevations, a result of mild climatic conditions (Grytnes and 
McCain 2007), and historical and evolutionary processes (Ricklefs 2004). The HFBS sampled 
along elevational gradients, and had biogeographic boundaries limited between treeline at the 
upper elevation (approximately 3,000 m a.s.l.) and extending down to human dominated 
landscapes at the lower elevations (e.g., terminating where native dominated forests juxtapose 
urban, suburban and agricultural land uses; generally 400–600 m a.s.l.). Sampling plots for 
plants and stations for birds were equally allocated along transects which traversed elevational 
gradients (i.e., sampling proceeded down slope). Comparing data from a resurvey of the HFBS 
then allows for discerning between global drivers (i.e., climate, land use, and invasive species) 
in a rigorous hypothesis testing framework (Appendix 1 Table 1). 

To facilitate assessing change in spatial and temporal patterns, birds were limited to passerines 
that are present today (i.e., detections of seabirds, water birds and ‘alalā [Corvus hawaiiensis; 
extinct in the wild] were dropped). Plant species analyzed were in two categories. Prominent 
tree species where the absence of the species at a site could be considered true absence: 
‘ōhi‘a (Metrosideros polymorpha), koa (Acacia koa), uluhe (Dicranopteris linearis), māmane 
(Sophora chrysophylla), hapu‘u (Cibotium spp.), strawberry guava (Psidium cattleianum), and 
schinus (Schinus terebinthifolius). Other plant distribution metrics were restricted species with > 
50 total detections. 

Delimiting sampling frames 

We assume that regions with the greatest elevational gradient (sampling spanning high, 
intermediate and low elevations) will encompass broad-scale diversity patterns, and presumably 
maximize the likelihood of identifying the multiple interacting global drivers of biodiversity. We 
delimited the sampling frames following the regional grouping of transects defined by Scott et 
al. (1986; Appendix 1 Figure 28). These regions roughly coincide with political boundaries or 
major land features (e.g., Puna region coinciding with the forested portions of the Puna district, 
and Kohala region occurring in the Kohala Mountains). With the exception of the Kipukas and 
Puna Regions, transects in most regions span ≥1,000 m (Appendix 1 Table 2), thus maximizing 
the elevational gradient. The greatest span in elevation occurred in the Kona Region, followed 
by the Hamakua Region. In both of these regions transects started near treeline and extended 
down to elevations consisting of human-dominated land use. 
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Appendix 1 Table 1. List of 28 metrics derived from the HFBS data by taxon: birds, plants and 
ungulates. 

Birds Plants 

# native bird species by station % native plant species 

% native bird abundance Estimated # of native species 

# specialist bird species by station Dominant tree cover species 

Dominance of top 3 species # of stations where a species is present 

Dominant bird species Minimum elevation 

# of stations where a species is present Maximum elevation 

Minimum elevation Mean elevation 

Maximum elevation Median elevation 

Mean elevation Elevation range 

Median elevation Species minimum convex polygon (MCP) area 

Elevation range # of threatened or endangered species 

Species MCP area # of shrub layer species 

Abundance of native species % change in native tree cover 

Ungulates 

% ground cover tilled by pigs % stations with pig damage1 

1 Stations with any amount of tilling were considered tilled. 
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Appendix 1 Figure 28. Hawai‘i forest bird survey transects (bold black lines) and regions 
(colored polygons). The numbers of stations (stns) are provided for each region. 

 

Appendix 1 Table 2. Maximum, minimum and span in elevation by region of HFBS transects. 

 Region 

Elevation (m) Kau Hamakua Kona Kohala Kipukas Puna Mauna Kea 

Maximum 2,000 2,000 2,400 1,400 2,200 1,000 3,000 

Minimum 800 400 400 400 1,300 600 2,000 

Span 1,200 1,600 2,000 1,000 900 400 1,000 
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Assessing power 

Within a sampling region, the statistical power to detect a change in the bird or vegetation 
community between the original HFBS and contemporary re-surveys depends upon four things: 
the metric of interest, the magnitude of change it is desired to detect, the survey effort 
(measured in stations surveyed; Appendix 1 Table 3) of the contemporary survey, and the level 
of statistical significance (Type I error rate) desired. 

We estimated the power to detect a change in each of the 28 metrics for each region via 
simulation (Appendix 1 Table 4). For each metric, we calculated the historical baseline value for 
each region. We then sub-sampled, with replacement, from the original HFBS data to create a 
new sample. This new sample ranged in size from 20% to 100% of the number of stations in 
the original HFBS data, representing the survey effort to be expended in the contemporary 
survey. 

The new sample was then perturbed accordingly to represent a change in the metric over time, 
depending upon the metric, and by an amount proportional to the metric value in the original 
survey — usually ranging from 10% to 100% of the original metric value, but for elevation 
changes from 50 to 350 m in 50 m increments. For example, the percentage of ground tilled by 
pigs at each station was adjusted by adding or subtracting the desired change to detect at each 
station — though percentages were truncated at 0 or 100%. 

Using the new, adjusted sample we then calculated the power of a test via simulation. Where it 
was appropriate (e.g., % ground tilled by pigs) we compared the original measurements to the 
new, simulated stations via an appropriate parametric or non-parametric test. We repeated this 
process (i.e., sub-sample, adjust and compare) 1,000 times, and took the power as the fraction 
of comparisons that were statistically significant at a Type I error rate of 10%1. 

For metrics where the calculated value represents the entire region (e.g., minimum elevation of 
a bird species) we sub-sampled the region and calculated the metric 1,000 times to bootstrap a 
population of simulated values representing a given sampling effort. The standard deviation of 
this bootstrap population was used to calculate the power of a Z-test to detect the desired 
difference with a Type I error rate of 10%. 

We used this method to calculate the power for each metric and each region of Hawai‘i Island 
for each combination of desired power, desired detectable difference, and sampling effort. We 
then summarized each region and sampling effort combination by selecting the minimum 
difference detectable with at least 90% power. A plot of minimum detectable effect as a 
function of sampling effort can then be drawn to aid in visualizing the tradeoff between 
sampling effort and minimum detectable change (Appendix 1 Figure 29). 

                                           
1 A Type I error rate of 10% was chosen because ecological data tends to be noisy. Also, when in 
conjunction with a target statistical power of 90% Type I and Type II error rates are balanced. In 

ecology, Type II errors are usually more important due to application of the precautionary principle. 
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Appendix 1 Table 3. Vegetation data available by region. 

Region Stations 
Tree 

Pres/Abs 
Species 
Cover 

Substrate 
Cover 

Species 
Occurrence 

Vegetation 
Structure Tree DBH 

Pig 
Disturbance 

Kohala 170               

Ka‘ū 100               

Hamakua 1305               

Puna 469               

Kīpukas 264               

Kona 1476               

Mauna Kea 162               

Rank for each data type: green = good, yellow = poor, red = not available. 
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Appendix 1 Table 4. List of simulated change for metrics derived from the HFBS data by taxon with scale. Alternate rows are shaded. 

Data category Metric Scale Simulated change 

Change in bird 
community # native bird species Station % reduction native spp. 

 # of specialist native birds Station % reduction specialist 

 # stations where a spp. is present Region % chance for spp. to wink out 

 % dominance of top 3 spp. Station 

% reduction in Y most common 
species / % increase in non-
native spp. 

 % Native bird abundance Region 

% reduction in native spp. (see 
# native bird spp. above) 
evaluated using edr from 
Distance model 

 Abundance T&E bird species Region % reduction T&E 

 

Distribution of spp. richness vs. elevation 
category (100 m)? Region (HI + Kauai) 

Move x % occupied station 
values to next higher / lower 
unoccupied station. By spp.? 

 Dominant bird species Station 

% reduction in Y most common 
species / % increase in non-
native spp. 

 Min / Max elevation Region 
Remove presence from the 
highest / lowest x % of stations 

 Species evenness Region Increase species by x% 

 Species range (elevation) Region 
Remove presence from the 
highest / lowest x % of stations 

 Species range (MCP, 90% convex hull) Region 
x % chance for each station to 
wink out 

    
Change in 
herbaceous plant 
community # of T&E plant species Station % chance for spp. to wink out 

 # Shrub layer species Station 
% chance for shrub species to 
wink out 

 # stations where a spp. is present Region % chance for spp. to wink out 
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 % dominance of top 3 spp Station 

% reduction in Y most common 
species / % increase in non-
native spp. 

 % Native spp. richness  

% chance native spp. 
extirpation 

 

Environmental niche breadth for indicator 
species Region 

% chance for spp. to wink out 
OR move from high to low 
stations (or vice-versa) 

 Min / Max elevation Region 
Remove presence from the 
highest / lowest x % of stations 

 Multi-dimensional ordination scores   % reduction in native spp. 

 Native plant cover Station 
% reduction in cover / Hamakua 
only 

 Native species richness Region 
% chance native spp. 
extirpation 

 

Negative binomial detection based on 
standardized effort 

Hamakua stations / 
relevé 

% chance for spp. to wink out at 
sites 

 Species accumulation curves Region Look at Colwell et al. for ideas 

 Species evenness Station / Region Increase species by x% 

 Species range (elevation) Region 
Remove presence from the 
highest / lowest x % of stations 

 Species range (MCP, 90% convex hull) Region 
x % chance for each station to 
wink out 

 Sub-canopy tree cover Station 
% reduction; % reduction for 
some spp. 

    
Change in tree cover % cover by top 2–3 spp. categories Region % change in spp. cover 

 2nd or 3rd dominant tree spp. cover Station 
% change to 2nd or 3rd 
dominant spp. cover 

 Dominant tree species Station 

% reduction in dom. tree cover / 
% increase for other (invasive?) 
tree cover 

 Dominant tree species % cover Station % reduction in dom. tree cover. 

 
   

HFBS pig damage % ground cover tilled by pigs Station % change 
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 % stations with pig damage Region 

% chance of stations to go pig 
free OR % chance for pig free 
to pig presence 

 



63 
 

Optimized design 

We ranked each metric, in each region, by their relative ability to detect small changes with 
little sampling effort — a property we will call “utility”. For example, a metric in a particular 
region that could detect a small change in the biological community by surveying only 20% as 
many stations as the original HFBS would have high utility (with a curve near the lower left 
corner in Appendix 1 Figure 29). A metric that could only detect drastic changes even when 
replicating 100% of the original HFBS effort would have relatively low utility (and be near the 
upper right corner in Appendix 1 Figure 29). Relative utility was calculated as proportional to 
the area under the curve of that metric’s graph. For metrics involving multiple species of 
interest the score was taken as the mean of the area for each individual species. 

For each combination of survey region and metric we have a population of more than 200 utility 
scores. We then applied a fuzzy-logic transformation to the relative utility values. The top 25% 
of utility scores were assigned a value of 1, the bottom 25% a value of 0, and the middle 50% 
of values were scaled proportionally between 0 and 1. The resulting table of relative utility is 
presented in Appendix 1 Table 5. This allows the relative utility of surveying in each region to 
be assessed, and reveals which metrics might be expected to be most powerful in each region. 
Each region was summarized by the total of the fuzzy-scaled utility rating of all metrics for that 
region. 

We then asked a panel of biologists familiar with the fauna, flora, and ecology of Hawai‘i Island 
to rank each metric for their utility to detect changes driven by three possible factors: Climate 
change, Land Use (including both development and conservation management), and the effect 
of Invasive Species. Each panelist was asked to assign each metric a value representing how 
strongly they thought the metric would change in response to each of the factors: a value of 1 
meaning little or no response, 3 for a medium response, and 5 for a strong response. The 
average of their responses was rounded to the same scale (Appendix 1 Table 6). 

These mean values were used as multipliers of the relative utility values for each metric and 
region, then the average score for each driver of change in each region was calculated. These 
averages were then used to produce a table of the relative ability to detect the effect of change 
drivers in each region (Appendix 1 Table 7). 
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Appendix 1 Figure 29. Rank of select plant species by relative ability to detect small changes 
with little sampling effort. 

 

Score = 
0 

Score = 
1 

Scaled in 
between 
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Appendix 1 Table 5. Utility scores for each combination of survey region and metric categorized by taxon and index. Rank for each 
metric for each region, ranging between the two endpoints: 0 = yellow = poor, 1 = green = good. 

Taxon Index Metric Kau Hamakua Kona Kohala Kipukas Puna 
Mauna 

Kea 

Birds Diversity # native bird species by station 1 1 1 1 1 1 1 

  % native bird abundance 0.8 1 0.9 0.2 0 0 0.7 

  # specialist bird species by station 1 1 1 0.2 0 0.7 0.5 

  Dominance of top 3 species 1 1 1 0.5 0.4 0.7 1 

  Dominant bird species 0.7 1 0.5 0.5 0 1 0 

 Distribution # stations where a species is present 1 1 1 0.8 0.5 0.4 1 

  Minimum height range distribution 0.2 0.6 0 0 0.1 0.4 0.8 

  Maximum height range distribution 0.5 0.2 0.9 0.8 0.7 1 0 

  Mean height range distribution 0.4 1 1 0.5 0.8 1 0 

  Median height range distribution 0 0.9 0.8 0.5 0.5 0.9 0 

  

Height of elevation range 
distribution 0 0 0 0 0 0.5 0 

  Abundance Abundance of native species 0.6 0.2 0.6 0.5 0 0 0 

Plants Diversity % native plant species 1 1 1 1 1 1 1 

  Estimated # of native species 0 0 0 0 0 0 0 

  Dominant tree cover species 1 1 1 1 1 1 1 

 Distribution # stations where a species is present 1 1 1 0.9 0.3 1 0.5 

  Minimum height range distribution 1 0.5 0.4 0.2 0 1 1 

  Maximum height range distribution 0.3 1 0.3 0.3 0.8 1 0 

  Mean height range distribution 1 0.6 1 0.3 0.5 1 1 

  Median height range distribution 0.2 1 0.6 0 0 1 0.4 

  

Height of elevation range 
distribution 0.2 0.2 0 0 0 1 0 

 Abundance # threatened or endangered species 1 1 1 1 1 1 1 

  # of shrub layer species 0.3 0.4 0 0 0 0 0.3 

    % change in native tree cover 0.2 0.6 0.4 0 0 0.6 0 

Ungulates Amount % ground cover tilled by pigs 1 1 1 1 1 1 - 
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  Distribution % stations with pig damage 0.9 1 1 1 0.7 0.8 - 
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Appendix 1 Table 6. Utility scores compiled by a panel of experts for each combination of 
survey region and metric categorized by taxon and index. Rank for each metric for each 
response. 1 = yellow = little effect, 3 = light green = moderate change, 5 = dark green = 
strong response. 

Scores of responses by metrics 

Taxon Index Metric Driver    
Climate Land Use Invasives 

Birds Diversity # native bird species by station 3 5 5   
% native bird abundance 5 5 5   

# specialist bird species by station 3 5 5   
Dominance of top 3 species 3 3 3   

Dominant bird species 1 3 3  
Distribution # stations where a species is present 3 5 3   

Minimum height range distribution 5 3 3   
Maximum height range distribution 1 3 3   

Mean height range distribution 3 3 3   
Median height range distribution 3 3 3   

Height of elevation range distribution 3 3 3   
Species MCP area 3 5 3 

  Abundance Abundance of native species 3 3 3 

Plants Diversity % native plant species 3 5 5   
Estimated # of native species 3 5 5   
Dominant tree cover species 3 3 5  

Distribution # stations where a species is present 5 5 5   
Minimum height range distribution 5 3 3   
Maximum height range distribution 5 3 3   

Mean height range distribution 5 3 3   
Median height range distribution 5 5 5   

Height of elevation range distribution 5 3 3   
Species MCP area 3 3 3  

Abundance # threatened or endangered spp 3 5 5   
# of shrub layer species 3 3 5 

    % change in native tree cover 3 5 5 

Ungulate
s 

Amount % ground cover tilled by pigs 1 3 5  
Distribution % stations with pig damage 1 3 3 
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Appendix 1 Table 7. The weighted means of metric utility in a potential survey region. The 
weights were chosen as the mean of experts’ rank of the potential for a change in the past 30 
years due to climate, land use, or invasive species. Metrics color coded to reflect low-reds to 
high-blues weights. 

Driver Kau Hamakua Kona Kohala Kipukas Puna MaunaKea 

Climate 5.2 6.3 5.4 3.4 3.0 6.2 4.2 

Land use 6.3 7.5 6.8 4.7 3.9 7.0 4.6 

Invasives 6.6 7.8 7.0 4.9 4.2 7.4 4.6 

Overall 16.3 19.2 17.4 12.2 10.3 19.0 11.2 
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Survey plan 

In this section, we provide a framework for biodiversity monitoring. Based on the power 
analyses in the previous section we develop a sampling scheme to assess changes in plant and 
bird biodiversity. We identify a region that is likely to provide statistically relevant changes for a 
demonstration to identify causative factors of biodiversity patterns. Survey objectives are to (1) 
collect information on plant and bird species composition, abundance and spatial distribution; 
(2) assess changes in biodiversity metrics; and (3) identify likely drivers of biodiversity patterns. 

Region, transects and stations 

The Hamakua and Puna Regions both had total response scores of ≥19, indicating that many of 
the 26 metrics have ample power to detect changes in biodiversity patterns. Transects in the 
Hamakua Region spanned a greater elevation range (400 to 2,000 m elevation) than the Puna 
Region (400 to 1,000 m elevation), thus maximizing the elevational gradient and sampling 
across the mid-elevations allowing for assessing diversity richness patterns. During discussions, 
it became apparent that the portion of Hamakua Region south of Saddle Road, transects 25–32, 
are most likely to have been impacted by climate change, land use and invasive drivers due to 
the elevational gradient, proximity to human dominated land use, and the invasive species front 
that is likely moving upslope. The transects are approximately 3.2 km apart and are long with 
between 115 and 160 stations, with stations spaced approximately 134 m apart (Appendix 1 
Figure 30). 

The upper portions of transects 37–39 in the Puna Region were identified as also likely being 
impacted by all three causative factors. Stations on these transects, however, extend from 850 
m to 640 m elevation duplicating sampling at the lower portions of the Hamakau transects. 
Furthermore, this area is in close proximity to the active vent at Pu‘u ‘Ō‘ō and Hawai‘i Volcanoes 
National Park has closed access from the park because of volcanic hazards. Therefore, sampling 
in the Puna Region should be a lower priority. 

Sampling period 

In order to make comparisons to the baseline HFBS data both bird and plant surveys should be 
conducted during similar seasons. HFBS bird sampling on transects 25–32 was conducted 
between 16 June and 1 September, 1977. Therefore, subsequent bird surveys will be initiated in 
June with the bulk of the data being collected in July, and the surveys completed by the end of 
August. This period allows sufficient time for delays caused by stochastic logistical hazards and 
weather. The necessity of plant surveys to overlap the same months as was conducted during 
the HFBS is not as great; therefore, plant surveys will be initiated in May and completed by the 
end of September. This period overlaps the HFBS survey and allows sufficient time for delays 
caused by stochastic logistical hazards and weather. 

Sampling protocol 

Following sampling procedures developed by Scott et al. (1981; 1986:37–45) plant, bird and 
ungulate data will be collected along transects at sampling stations. For vegetation sampling, 
major habitat features collected will include the following: (1) general description of the 
vegetation type; (2) phenological data for selected plant species; (3) a detailed description of 
the vegetation structure and floristic composition at selected stations; (4) estimates of 
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maximum, minimum and modal tree diameter; (5) tree stand vigor; (6) occurrence of 
aggressive weedy plant species; and (7) substrate type. 

The vegetation type description included categories for tree crown cover, tree height, tree 
species composition, and ground cover or understory type (see also Jacobi 1989). Crown cover 
will be estimated in the following classes: closed canopy (> 60% cover), open canopy (25–60% 
cover), scattered trees (5–25% cover), and very scattered trees (< 5% cover, trees widely 
spaced). Tree canopy height will be estimated in three classes: tall stature (> 10 m), medium 
stature (5–10 m), and low stature (2–5 m). When the canopy is distinctly multi-layered, the 
cover, height, and species composition will be noted separately for individual stores. 

 

 

Appendix 1 Figure 30. Transects and stations in the southern Hamakua Region identified as 
most likely to show response with sufficient power to detect change. 

 

Vegetation structure and floristic composition will be sampled at select stations using the relevé 
method. Station locations will roughly match those sampled during the HFBS. Total plant cover 
will be estimated to the nearest 10% for all recognizable vegetation layers: ground cover (0–0.5 
m), small shrubs (0.5–2 m), tall shrubs (2–5 m), small or sub-canopy trees (5–10 m), and tall 
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trees (> 10 m). All species within a vegetation layer will be recorded and their cover rated using 
an estimated cover-abundance scale. 

Bird surveys using point-transect distance sampling procedures will be conducted during an 
eight-minute period at all stations. Counts will commence at sunrise and continue up to four 
hours (approximately 11:00 HST). During each count, trained and calibrated observers will 
record the species, detection type (heard, seen, or both), and distance of each bird from the 
survey station center. Time of sampling and weather conditions (cloud cover, rain, wind, and 
wind gust [hereafter gust]) will also recorded, and surveying will be postponed if conditions 
hinder the ability to detect birds (wind strength and gusts > 20 kph or heavy rain). 

At each station signs of feral ungulate presence and damage to the vegetation will be recorded. 
The amount of ground tilled by ungulates within 10 m of the station will be recorded. 
Identification of pig, cattle or sheep sign will be used to assign species. 

Diversity sampling 

Diversity of plant and bird species will be derived from simple counts at stations and tallied to 
appropriate scales (i.e., station or region). Species will be categorized by native versus alien, 
specialist versus generalist (for birds), and dominance based on abundance sampling (below). 

Species richness sampling 

Species richness can be estimated using species accumulation curves and related methods 
(Gotelli and Colwell 2001); however, these enumeration approaches assume that detectability 
among species is 1, homogeneous across space and constant across time. Species detectability, 
similar to individual detectability, hardly ever equals 1; thus, the conditional probability of 
detection, p, of a species on a visit, given that it occurs in the sampled area (i.e., it is available), 
needs to be calculated (Kéry and Schmid 2004). Species in a community can be modeled 
analogous to individuals in a population using a capture-recapture framework. Capture-
recapture models explicitly account and correct for variable detectability, where variability can 
arise from differences among species, observers, habitats, and weather conditions, for example. 
To produce unbiased estimates of species richness, trend and community dynamics data need 
to be collected using some form of repeat visits. This can be accomplished either by separate 
counters recording species detected or successive sampling by counters; thus, optimizing 
sampling while minimizing expenses (see Camp et al. 2011 for detailed examples and 
description). 

Distribution sampling 

The numbers of stations occupied by species-specific plants and birds will be derived from 
simple presence/absence data. The maximum, minimum and modal elevation ranges will be 
calculated from the presence data for each species. 

Abundance sampling 

Abundance of each plant species will be derived from simple counts at stations and tallied to 
appropriate scales (i.e., station or region). Species-specific bird abundances will be estimated 
using distance sampling techniques following Scott et al. (1986), Buckland et al. (2001), and 
detailed in Camp et al. (2009). 
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Ungulate sampling 

The percent ground cover tilled by ungulates and the percent of stations with ungulate damage 
will be derived from simple tallies. Metrics will be calculated for each ungulate species; 
however, analyses will focus on pigs. 

Permits and access 

No collecting will be conducted; therefore, Federal and State collecting permits are not required. 
However, permission to access and sample on Federal and State lands will be required, 
including U.S. NPS and State of Hawai‘i Department of Land and Natural Resources Division of 
Forestry and Wildlife and Natural Area Reserves, as well as Kamehameha Schools. In addition, 
IACUC approval for making observations of animal species will be procured. 

Staff 

At a minimum, this project will require one vegetation and one bird survey team, each 
consisting of two biological technicians who will be responsible for data collection, data entry, 
data verification and validation. The biological technicians should be skilled in either conducting 
Hawaiian botanical and bird surveys. Given the field conditions it would be advisable to cut the 
transects and flag the stations prior to surveys. This would require a team of two technicians. 
In addition, this project will require members of the Q-Hui who will be responsible for planning, 
analyses and writing. 

Timeline 

This project is projected to last 19 months including time for planning and conducting the 
surveys, processing and analyzing the data and writing a report. The major components of the 
project and their anticipated dates are: 

 

  

FY14 FY15 FY16

Activity J J A S O N D J F M A M J J A S O N D

Planning X X

Permitting X X

Staffing X X X

Cutting/Flagging X X X

Plant Surveys X X X X X

Bird Surveys X X X

Data Processing X X X X

Analyses X X X

Writing X X X
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APPENDIX 2 

Biological diversity is the variety and abundance of species in a defined area, and is one of the 
oldest and most basic descriptions of biological communities. As such, measuring and 
evaluating biodiversity to compare differences and similarities of plant and animal communities 
has a well-developed history (see Magurran 2004, McGill et al. 2007) where diversity is 
partitioned into two components: species richness and evenness. Species richness is the 
number of species while evenness is how similar the species are in abundance. Species richness 
and evenness can be used to illustrate changes following an environmental impact, such as 
discerning the effects of ecological drivers on community diversity and structure. We use 
rank/abundance plots (also called dominance/diversity curves or also called Whittaker plots 
[Whittaker 1965]) to explain temporal shifts in species abundance distributions (SADs) treating 
ecological drivers as the independent variable and diversity as the dependent variable 
(Magurran 2007). That is, we ask whether the shape of the SADs has changed over time due to 
ecological drivers of invasive species, land use and climate change. 

The shape of the SADs curve is used to infer the species abundance model, which can be fit 
with either statistical-based or biological-based models. Statistical models can provide an 
excellent description of diversity and are useful for tracking changes in community structure, 
whereas biological-based models attempt to explain the observed patterns based on niche 
partitioning (Magurran 2004). The purpose of this analysis was to describe how the bird 
community has changed over time; therefore, we fit the statistical models log normal, log 
series, gamma and negative binomial (Magurran 2004, McGill et al. 2007) to describe 
mathematically the relationship between the number of species and the number of individuals 
in those species. Assumptions of this class of statistical models are that all species are equal, all 
individuals are equal, and abundance has been measured in appropriate and comparable units 
(Magurran 2004). By applying only statistical models we avoid making the assumption that 
abundance reflects the species success at competing for limited resources (a biological-based 
model assumption). The probability distributions of the log normal and gamma models are 
continuous, allowing for fractional abundances. Whereas the log series and negative binomial 
models contain Pareto distributions based on integers. Species assemblages can vary 
considerably in richness but assemblages are characterized by uneven distributions of 
abundance. Models fitted to the SADs curves are useful for describing the distribution as they 
weight richness and abundance differently. The log normal model best approximates a 
symmetric abundance distribution, while the log series model is most useful for assemblages 
with many singleton species. The gamma model is most useful when the number of species is 
large and their abundances generally follow a Poisson distribution. The negative binomial model 
is also useful for species-rich datasets similar to the gamma model but strictly follows a Poisson 
distribution. 

SADs were modeled with the sads package (Prado et al. 2015) running from an R environment 
(R Core Team 2015) where the distributions were fitted by the maximum likelihood method 
using numerical optimization through the bbmle package with mle2 (Bolker et al. 2016). We 
used likelihood profiles and diagnostic plots to assess the congruence of the model to observed 
data. Preliminary analyses indicated the gamma and negative binomial models did not fit the 
underlying distribution, resulting in convergence issues. An information-theoretic approach is 
typically used for SADs model selection where the model with the lowest Akaike’s Information 
Criterion (AIC) is chosen (Burnham and Anderson 2002). AIC is not sufficiently sensitive to 
reliably distinguish among the models ranked within several AIC units of the minimum AIC value 
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(e.g., within 2, 4, or 8 AIC units; Appendix 2 Table 1). Assessment of model assumptions, 
model parsimony, goodness-of-fit tests, or other methods can be useful to choose among the 
top ranked models in this situation. Although the numbers of species and the numbers of 
individuals is rather depauperate, visual inspection of the abundance distributions reveals that 
the relationship is relatively symmetric. Thus, we preferentially chose the log normal model to 
fit the SADs curves. 

 

Appendix 2 Table 1. Model selection results. Within each survey and species origin analysis, 
models were sorted by Akaike’s information criterion (AIC) value and differences between each 
candidate model and the model with the lowest AIC value (∆AIC). K are the numbers of model 
parameters. The Akaike model weight (w) is the likelihood that each model is the best of the 
candidate models. 

Model AIC ∆AIC K w 

1977     

Natives     

log series 80.8 0.0 1 0.56 

log normal 81.2 0.5 2 0.44 

Aliens     

log series 86.7 0.0 1 0.65 

log normal 87.9 1.2 2 0.35 

2015     

Natives     

log series 50.3 0.0 1 0.76 

log normal 52.6 2.3 2 0.24 

Aliens     

log series 112.7 0.0 1 0.61 

log normal 113.6 1.9 2 0.39 
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APPENDIX 3 

Appendix 3 Table 1. Plant species recorded in 1977 or 2015. Since sampling effort differed 
between survey years, comparable effort was noted with a check symbol in the column 
“Comparable”. Endemic, indigenous and naturalized species are indicated with “E”, “I” and “N”, 
respectively in column “Origin”. A threatened or endangered federal listing status is noted as 
“T/E”; non-listed species are indicated with a dot. 

Species 1977 2015 Comparable Origin Status 

Acacia koa √ √ √ E · 
Adenophorus pinnatifidus 

 
√ √ E · 

Adenophorus sp. 
 

√ 
 

E · 

Adenophorus tamariscinus 
 

√ 
 

E · 

Adenophorus tenellus 
 

√ √ E · 

Adenophorus tripinnatifidus 
 

√ √ E · 

Ageratina riparia √ 
 

√ N · 

Alyxia stellata √ √ √ I · 

Andropogon glomeratus 
 

√ √ N · 

Andropogon virginicus √ √ √ N · 

Anemone hupehensis √ √ √ N · 

Anthoxanthum odoratum √ 
 

√ N · 

Antidesma platyphyllum √ √ √ E · 

Antidesma sp. 
 

√ √ E · 

Arundina graminifolia √ √ √ N · 

Asplenium adiantum-nigrum 
 

√ 
 

I · 

Asplenium aethiopicum 
 

√ 
 

I · 

Asplenium lobulatum √ √ √ I · 

Asplenium monanthes 
 

√ 
 

I · 

Asplenium sp. √ √ √ E/I · 

Asplenium sphenotomum 
 

√ √ E · 

Asplenium trichomanes 
 

√ 
 

E · 

Astelia menziesii √ √ √ E · 

Athyrium microphyllum √ √ √ E · 

Athyrium sp. √ 
 

√ E · 

Axonopus fissifolius 
 

√ 
 

N · 

Broussaisia arguta √ √ √ E · 

Buddleja asiatica √ √ √ N · 

Callistopteris baldwinii √ √ √ E · 

Carex alligata 
 

√ √ E · 

Carex macloviana 
 

√ 
 

I · 

Carex sp. √ 
 

√ E/I · 

Carex wahuensis 
 

√ 
 

E · 

Centella asiatica √ √ √ N · 

Cheirodendron trigynum √ √ √ E · 

Cibotium chamissoi √ 
 

√ E · 

Cibotium glaucum √ √ √ E · 

Cibotium menziesii √ √ √ E · 

Cirsium vulgare 
 

√ 
 

N · 

Clermontia montis-loa 
 

√ 
 

E · 

Clermontia parviflora √ √ √ E · 

Clermontia sp. √ √ √ E · 

Clidemia hirta 
 

√ √ N · 
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Species 1977 2015 Comparable Origin Status 
Colocasia esculenta 

 
√ 

 
pol · 

Commelina diffusa 
 

√ 
 

N · 

Coniogramme pilosa √ 
 

√ E · 

Coprosma ernodeoides 
 

√ √ E · 

Coprosma ochracea √ 
 

√ E · 

Coprosma rhynchocarpa √ 
 

√ E · 

Coprosma sp. √ √ √ E · 

Crocosmia x crocosmiiflora √ 
 

√ N · 

Cryptomeria japonica 
 

√ 
 

N · 

Ctenitis latifrons √ 
 

√ E · 

Cuphea carthagenensis √ 
 

√ N · 

Cyanea pilosa √ √ √ E · 

Cyanea sp. √ 
 

√ E · 

Cyanea tritomantha 
 

√ 
 

E T/E 

Cyclosorus cyatheoides 
 

√ √ E · 

Cyclosorus sandwicensis √ √ √ E · 

Cyclosorus sp. √ 
 

√ E/I · 

Cyperus polystachyos 
 

√ √ I · 

Cyperus sp. √ √ √ N · 

Cyperus brevifolius √ 
 

√ N · 

Cyperus meyenianus 
 

√ 
 

N · 

Cyrtandra lysiosepala √ √ √ E · 

Cyrtandra paludosa √ √ √ E · 

Cyrtandra platyphylla √ √ √ E · 

Cyrtandra sp. √ √ √ E · 

Deparia petersenii √ √ √ N · 

Deschampsia nubigena 
 

√ 
 

E · 

Dianella sandwicensis 
 

√ 
 

E · 

Dicranopteris linearis √ √ √ E · 

Digitaria sp. √ 
 

√ N · 

Diplazium sandwichianum √ √ √ E · 

Diplopterygium pinnatum √ √ √ E · 

Dodonaea viscosa 
 

√ 
 

I · 

Drymaria cordata √ 
 

√ N · 

Dryopteris glabra 
 

√ 
 

E · 

Dryopteris hawaiiensis 
 

√ 
 

E · 

Dryopteris rubiginosum 
 

√ 
 

E · 

Dryopteris sp. √ √ √ E/I · 

Dryopteris wallichiana √ √ √ I · 

Dubautia scabra 
 

√ 
 

E · 

Ehrharta stipoides √ √ √ N · 

Elaphoglossum alatum √ 
 

√ E · 

Elaphoglossum crassifolium √ 
 

√ E · 

Elaphoglossum pellucidum 
 

√ 
 

E · 

Elaphoglossum sp. √ √ √ E · 

Eleocharis sp. 
 

√ 
 

I/N · 

Epilobium sp. 
 

√ 
 

N · 

Erechtites sp. 
 

√ √ N · 

Eucalyptus robusta √ 
 

√ N · 

Eucalyptus saligna √ 
 

√ N · 

Eucalyptus sp. √ √ √ N · 
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Species 1977 2015 Comparable Origin Status 
Flindersia brayleyana 

 
√ 

 
N · 

Fragaria vesca 
 

√ 
 

N · 

Freycinetia arborea √ √ √ I · 

Geranium homeanum 
 

√ 
 

N · 

Geranium sp. 
 

√ 
 

N · 

Grammitis hookeri 
 

√ √ I · 

Hedychium gardnerianum √ √ √ N · 

Hedychium sp. 
 

√ √ N · 

Heterocentron subtriplinervium 
 

√ √ N · 

Holcus lanatus 
 

√ √ N · 

Huperzia phyllantha 
 

√ 
 

I · 

Hymenophyllum lanceolatum 
 

√ √ E · 

Hymenophyllum recurvum 
 

√ √ E · 

Hypericum mutilum 
 

√ √ N · 

Hypericum parvulum √ √ √ N · 

Hypericum sp. √ 
 

√ N · 

Hypochoeris radicata √ 
 

√ N · 

Hypochoeris sp. 
 

√ √ N · 

Ilex anomala √ √ √ I · 

Isachne distichophylla 
 

√ 
 

E · 

Juncus planifolius 
 

√ √ N · 

Juncus sp. √ √ √ N · 

Juncus tenuis √ 
 

√ N · 

Kadua affinis √ √ √ E · 

Kadua sp. √ 
 

√ E · 

Labordia hedyosmifolia √ √ √ E · 

Labordia hirtella √ 
 

√ E · 

Labordia sp. √ 
 

√ E · 

Leptecophylla tameiameiae 
 

√ √ I · 

Lotus subbiflorus 
 

√ 
 

N · 

Luzula hawaiiensis 
 

√ 
 

E · 

Lycopodiella cernua √ √ √ I · 

Lycopodium sp. √ 
 

√ E/I · 

Lycopodium venustulum √ 
 

√ I · 

Machaerina angustifolia √ √ √ I · 

Machaerina mariscoides √ √ √ E · 

Marattia douglasii √ √ √ E · 

Melastoma candidum 
 

√ 
 

N · 

Melicope clusiifolia √ 
 

√ E · 

Melicope sp. √ √ √ E · 

Melinis minutiflora 
 

√ 
 

N · 

Melinis repens 
 

√ 
 

N · 

Metrosideros polymorpha √ √ √ E · 

Microlepia strigosa √ √ √ E · 

Morella faya 
 

√ 
 

N · 

Morelotia gahniiformis 
 

√ 
 

E · 

Myoporum sandwicense √ √ √ I · 

Myrsine lessertiana √ √ √ E · 

Myrsine sandwicensis √ √ √ E · 

Myrsine sp. √ √ √ E · 

Nephrolepis cordifolia √ 
 

√ I · 
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Species 1977 2015 Comparable Origin Status 
Nephrolepis sp. √ √ √ E/I/N · 

Nertera granadensis 
 

√ 
 

I · 

Nothocestrum longifolium √ 
 

√ E · 

Oreobolus furcatus 
 

√ 
 

E · 

Panicum tenuifolium 
 

√ √ E · 

Paspalum conjugatum √ √ √ N · 

Paspalum dilatatum √ 
 

√ N · 

Paspalum sp. 
 

√ 
 

N · 

Paspalum urvillei 
 

√ √ N · 

Passiflora edulis √ √ √ N · 

Passiflora tarminiana √ √ √ N · 

Pellaea ternifolia 
 

√ 
 

I · 

Pennisetum clandestinum √ √ √ N · 

Peperomia sp. √ √ √ E · 

Perrottetia sandwicensis √ √ √ E · 

Persicaria capitata 
 

√ 
 

N · 

Persicaria punctata √ √ √ N · 

Phaius tankervilleae √ √ √ N · 

Physalis peruviana 
 

√ √ N · 

Pinus sp. 
 

√ √ N · 

Pipturus albidus √ √ √ E · 

Plantago major 
 

√ 
 

N · 

Platydesma spathulata 
 

√ 
 

E · 

Pluchea sp. √ √ √ N · 

Polypodium pellucidum √ √ √ E · 

Polyscias oahuensis √ √ √ E · 

Pritchardia beccariana √ 
 

√ E · 

Pritchardia sp. 
 

√ √ E · 

Prunus sp. 
 

√ 
 

N · 

Psidium cattleianum √ √ √ N · 

Psilotum complanatum 
 

√ √ I · 

Psychotria hawaiiensis 
 

√ √ E · 

Psychotria sp. √ 
 

√ E · 

Pteridium aquilinum 
 

√ 
 

E · 

Pteris cretica 
 

√ 
 

I · 

Pteris sp. √ 
 

√ E · 

Pyracantha angustifolia 
 

√ 
 

N · 

Rhynchospora sp. 
 

√ 
 

I/N · 

Rubus argutus √ √ √ N · 

Rubus ellipticus √ √ √ N · 

Rubus glaucus 
 

√ 
 

N · 

Rubus hawaiensis √ √ √ E · 

Rubus macraei 
 

√ 
 

E · 

Rubus rosifolius √ √ √ N · 

Sadleria cyatheoides √ √ √ E · 

Sadleria pallida √ √ √ E · 

Sadleria sp. √ √ √ E · 

Santalum paniculatum 
 

√ 
 

E · 

Santalum sp. 
 

√ 
 

E · 

Scaevola chamissoniana 
 

√ 
 

E · 

Selaginella arbuscula √ √ √ E · 
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Species 1977 2015 Comparable Origin Status 
Senna pendula 

 
√ √ N · 

Setaria palmifolia √ √ √ N · 

Setaria parviflora 
 

√ √ N · 

Smilax melastomifolia √ √ √ E · 

Sonchus oleraceus 
 

√ 
 

N · 

Sophora chrysophylla 
 

√ 
 

E · 

Sphenomeris chinensis √ √ √ I · 

Stenogyne calaminthoides √ √ √ E · 

Stenogyne sp. √ √ √ E · 

Sticherus owhyhensis √ √ √ E · 

Thelypteris sp. √ 
 

√ E · 

Tibouchina herbacea 
 

√ √ N · 

Toona ciliata √ √ √ N · 

Trematolobelia wimmeri √ √ √ E · 

Trifolium sp. 
 

√ √ N · 

Uncinia uncinata √ √ √ I · 

Urera glabra √ 
 

√ E · 

Vaccinium calycinum √ √ √ E · 

Vaccinium reticulatum 
 

√ √ E · 

Vandenboschia davallioides 
 

√ 
 

E · 

Vandenboschia sp. √ 
 

√ E · 

Veronica plebeia 
 

√ 
 

N · 

Veronica sp. 
 

√ √ N · 

Wikstroemia sandwicensis 
 

√ 
 

E · 

Wikstroemia sp. √ 
 

√ E · 

Youngia japonica √ 
 

√ N · 
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APPENDIX 4 

Appendix 4 Table 1. Dominant tree composition and tree- and matted-fern occurrence by 
survey period as a proportion of sampled locations (n=534 survey stations). Tree composition 
and matted-fern occurrence data are depicted in Figures 6 and 17. Percentages by year may 
not sum to 100 where there is missing station data. 

  1977 2015 

Dominant tree species Acacia koa 0.00 0.03 
 Metrosideros polymorpha 0.86 0.85 
 Acacia koa-Metrosideros polymorpha 0.07 0.00 
 Cheirodendron trigynum 0.00 0.02 
 Psidium cattleianum 0.02 0.04 
 Sophora chrysophylla 0.01 0.00 
 Exotic trees 0.04 0.05 

Tree-fern presence no 0.36 0.45 
 yes 0.64 0.55 

Matted-fern presence no 0.83 0.71 
 yes 0.17 0.29 
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APPENDIX 5 

Appendix 5 Table 1. Proportion of relevé plots (n = 44) at which plant species were recorded in 
1977 and 2015, grouped by origin and ranked by difference in proportion between surveys 
within origin categories. Endemic, indigenous and naturalized species are indicated with “E”, “I” 
and “N”, respectively in column “Origin”. Note separate groupings for uncertain origin 
assignments of species identified only to genus (“E/I” and “E/I/N”). Red (negative) to blue 
(positive) indicates the relative change in proportion within each origin group, with shading 
ranging from minimum to maximum change values. Note differences due to rounding of 
reported values. 

Species Origin 1977 2015 Difference 

Cibotium menziesii E 0.70 0.05 -0.66 

Kadua sp. E 0.43 0.00 -0.43 

Sadleria pallida E 0.43 0.00 -0.43 

Cyclosorus sandwicensis E 0.61 0.25 -0.36 

Myrsine sp. E 0.39 0.02 -0.36 

Melicope clusiifolia E 0.36 0.00 -0.36 

Clermontia parviflora E 0.36 0.02 -0.34 

Psychotria sp. E 0.30 0.00 -0.30 

Diplazium sandwichianum E 0.34 0.07 -0.27 

Cibotium chamissoi E 0.25 0.00 -0.25 

Coniogramme pilosa E 0.25 0.00 -0.25 

Cheirodendron trigynum E 0.82 0.59 -0.23 

Pipturus albidus E 0.20 0.00 -0.20 

Cyrtandra sp. E 0.25 0.07 -0.18 

Coprosma ochracea E 0.18 0.00 -0.18 

Cyrtandra paludosa E 0.18 0.00 -0.18 

Myrsine lessertiana E 0.43 0.27 -0.16 

Kadua affinis E 0.41 0.25 -0.16 

Perrottetia sandwicensis E 0.41 0.25 -0.16 

Machaerina mariscoides E 0.16 0.00 -0.16 

Athyrium microphyllum E 0.18 0.05 -0.14 

Cyanea sp. E 0.14 0.00 -0.14 

Coprosma sp. E 0.55 0.41 -0.14 

Myrsine sandwicensis E 0.16 0.05 -0.11 

Athyrium sp. E 0.11 0.00 -0.11 

Sadleria cyatheoides E 0.11 0.00 -0.11 

Broussaisia arguta E 0.73 0.64 -0.09 

Sadleria sp. E 0.30 0.20 -0.09 

Microlepia strigosa E 0.11 0.02 -0.09 

Polyscias oahuensis E 0.11 0.02 -0.09 

Rubus hawaiensis E 0.11 0.02 -0.09 

Coprosma rhynchocarpa E 0.09 0.00 -0.09 

Elaphoglossum alatum E 0.09 0.00 -0.09 

Nothocestrum longifolium E 0.09 0.00 -0.09 

Stenogyne sp. E 0.09 0.00 -0.09 

Metrosideros polymorpha E 0.98 0.91 -0.07 

Vaccinium calycinum E 0.34 0.27 -0.07 

Antidesma platyphyllum E 0.07 0.00 -0.07 
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Species Origin 1977 2015 Difference 

Marattia douglasii E 0.07 0.00 -0.07 

Callistopteris baldwinii E 0.05 0.00 -0.05 

Ctenitis latifrons E 0.05 0.00 -0.05 

Cyanea pilosa E 0.05 0.00 -0.05 

Elaphoglossum crassifolium E 0.05 0.00 -0.05 

Labordia hedyosmifolia E 0.05 0.00 -0.05 

Labordia hirtella E 0.05 0.00 -0.05 

Labordia sp. E 0.05 0.00 -0.05 

Pritchardia beccariana E 0.05 0.00 -0.05 

Pteris sp. E 0.05 0.00 -0.05 

Trematolobelia wimmeri E 0.05 0.00 -0.05 

Selaginella arbuscula E 0.07 0.02 -0.05 

Stenogyne calaminthoides E 0.14 0.09 -0.05 

Cyrtandra platyphylla E 0.16 0.14 -0.02 

Sticherus owhyhensis E 0.02 0.00 -0.02 

Thelypteris sp. E 0.02 0.00 -0.02 

Urera glabra E 0.02 0.00 -0.02 

Vandenboschia sp. E 0.02 0.00 -0.02 

Wikstroemia sp. E 0.02 0.00 -0.02 

Smilax melastomifolia E 0.07 0.05 -0.02 

Cibotium glaucum E 0.91 0.89 -0.02 

Dicranopteris linearis E 0.36 0.36 0.00 

Astelia menziesiana E 0.25 0.25 0.00 

Diplopterygium pinnatum E 0.05 0.05 0.00 

Cyrtandra lysiosepala E 0.05 0.07 0.02 

Polypodium pellucidum E 0.02 0.05 0.02 

Adenophorus pinnatifidus E 0.00 0.02 0.02 

Adenophorus tenellus E 0.00 0.02 0.02 

Antidesma sp. E 0.00 0.02 0.02 

Coprosma ernodeoides E 0.00 0.02 0.02 

Hymenophyllum lanceolatum E 0.00 0.02 0.02 

Panicum tenuifolium E 0.00 0.02 0.02 

Clermontia sp. E 0.14 0.16 0.02 

Asplenium sphenotomum E 0.00 0.05 0.05 

Carex alligata E 0.00 0.05 0.05 

Pritchardia sp. E 0.00 0.05 0.05 

Adenophorus tripinnatifidus E 0.00 0.07 0.07 

Cyclosorus cyatheoides E 0.00 0.07 0.07 

Acacia koa E 0.02 0.11 0.09 

Melicope sp. E 0.16 0.27 0.11 

Peperomia sp. E 0.20 0.34 0.14 

Psychotria hawaiiensis E 0.00 0.14 0.14 

Vaccinium reticulatum E 0.00 0.14 0.14 

Hymenophyllum recurvum E 0.00 0.18 0.18 

Elaphoglossum sp. E 0.02 0.34 0.32 

Dryopteris sp. E/I 0.23 0.02 -0.20 

Lycopodium sp. E/I 0.07 0.00 -0.07 

Carex sp. E/I 0.05 0.00 -0.05 

Cyclosorus sp. E/I 0.02 0.00 -0.02 
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Species Origin 1977 2015 Difference 

Asplenium sp. E/I 0.07 0.05 -0.02 

Nephrolepis sp. E/I/N 0.02 0.05 0.02 

Ilex anomala I 0.73 0.45 -0.27 

Alyxia stellata I 0.34 0.11 -0.23 

Lycopodiella cernua I 0.23 0.05 -0.18 

Freycinetia arborea I 0.34 0.23 -0.11 

Nephrolepis cordifolia I 0.09 0.00 -0.09 

Sphenomeris chinensis I 0.14 0.05 -0.09 

Uncinia uncinata I 0.27 0.20 -0.07 

Dryopteris wallichiana I 0.11 0.07 -0.05 

Asplenium lobulatum I 0.02 0.00 -0.02 

Lycopodium venustulum I 0.02 0.00 -0.02 

Myoporum sandwicense I 0.02 0.00 -0.02 

Cyperus polystachyos I 0.00 0.02 0.02 

Machaerina angustifolia I 0.05 0.09 0.05 

Psilotum complanatum I 0.00 0.05 0.05 

Grammitis hookeri I 0.00 0.07 0.07 

Leptecophylla tameiameiae I 0.00 0.07 0.07 

Ageratina riparia N 0.41 0.00 -0.41 

Rubus rosifolius N 0.25 0.02 -0.23 

Andropogon virginicus N 0.23 0.02 -0.20 

Rubus argutus N 0.20 0.07 -0.14 

Eucalyptus saligna N 0.14 0.00 -0.14 

Hypericum sp. N 0.14 0.00 -0.14 

Cuphea carthagenensis N 0.11 0.00 -0.11 

Arundina graminifolia N 0.14 0.05 -0.09 

Toona ciliata N 0.14 0.05 -0.09 

Buddleja asiatica N 0.09 0.02 -0.07 

Deparia petersenii N 0.11 0.07 -0.05 

Centella asiatica N 0.05 0.00 -0.05 

Paspalum dilatatum N 0.05 0.00 -0.05 

Phaius tankervilleae N 0.05 0.00 -0.05 

Passiflora edulis N 0.07 0.02 -0.05 

Anemone hupehensis N 0.09 0.07 -0.02 

Pluchea sp. N 0.05 0.02 -0.02 

Anthoxanthum odoratum N 0.02 0.00 -0.02 

Crocosmia x_crocosmiiflora N 0.02 0.00 -0.02 

Cyperus sp. N 0.02 0.00 -0.02 

Cyperus brevifolius N 0.02 0.00 -0.02 

Digitaria sp. N 0.02 0.00 -0.02 

Drymaria cordata N 0.02 0.00 -0.02 

Eucalyptus robusta N 0.02 0.00 -0.02 

Hypericum parvulum N 0.02 0.00 -0.02 

Hypochoeris radicata N 0.02 0.00 -0.02 

Juncus tenuis N 0.02 0.00 -0.02 

Persicaria punctata N 0.02 0.00 -0.02 

Youngia japonica N 0.02 0.00 -0.02 

Juncus sp. N 0.05 0.05 0.00 

Paspalum conjugatum N 0.02 0.02 0.00 
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Species Origin 1977 2015 Difference 

Passiflora tarminiana N 0.02 0.05 0.02 

Andropogon glomeratus N 0.00 0.02 0.02 

Heterocentron subtriplinervium N 0.00 0.02 0.02 

Hypericum mutilum N 0.00 0.02 0.02 

Hypochoeris sp. N 0.00 0.02 0.02 

Juncus planifolius N 0.00 0.02 0.02 

Paspalum urvillei N 0.00 0.02 0.02 

Physalis peruviana N 0.00 0.02 0.02 

Setaria parviflora N 0.00 0.02 0.02 

Trifolium sp. N 0.00 0.02 0.02 

Veronica sp. N 0.00 0.02 0.02 

Erechtites sp. N 0.00 0.05 0.05 

Hedychium sp. N 0.00 0.05 0.05 

Pinus sp. N 0.00 0.05 0.05 

Senna pendula N 0.00 0.05 0.05 

Ehrharta stipoides N 0.05 0.11 0.07 

Holcus lanatus N 0.00 0.07 0.07 

Clidemia hirta N 0.00 0.09 0.09 

Tibouchina herbacea N 0.00 0.09 0.09 

Eucalyptus sp. N 0.05 0.16 0.11 

Psidium cattleianum N 0.36 0.48 0.11 

Setaria palmifolia N 0.20 0.34 0.14 

Hedychium gardnerianum N 0.02 0.18 0.16 

Pennisetum clandestinum N 0.05 0.23 0.18 

Rubus ellipticus N 0.05 0.39 0.34 
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Appendix 6 

Appendix 6 Table 1. Plant species richness by survey period as a function of species origin and 
elevation. Endemic, indigenous and naturalized species origin are indicated with “E”, “I” and 
“N”, respectively. The uncertain category (Unc) includes species (of plants identified only to 
genus) that may have either an endemic, indigenous, or naturalized origin. For comparability, 
species richness counts are limited the subset of relevé plots sampled in both surveys (n=44). 
Species richness and origin relationships to elevation are depicted in Figure 8. 

 1977  2015 

Elevation (m) E I N Unc  E I N Unc 

726 15 2 8 2 

 

 7 0 10 1 

752 20 3 7 1  5 0 8 0 

779 23 4 7 0  1 0 4 0 

809 20 3 6 0  8 0 4 0 

848 9 2 6 0  5 0 3 0 

884 20 3 5 0  6 4 3 0 

910 17 4 3 0  3 0 2 0 

913 13 3 3 0  6 1 2 0 

935 27 4 1 0  13 2 7 0 

949 9 0 2 0  8 1 3 0 

964 11 1 7 1  7 2 10 0 

971 20 3 1 0  13 2 5 0 

977 11 1 4 1  13 2 5 0 

980 23 6 3 0  5 0 4 0 

995 33 4 1 1  19 4 2 0 

995 14 1 6 0  16 1 5 0 

1003 20 5 6 0  8 1 3 0 

1009 13 3 2 0  8 1 6 0 

1022 36 2 2 0  24 2 0 0 

1026 16 4 2 0  11 1 3 0 

1038 15 3 0 0  16 2 6 0 

1050 23 3 7 0  8 1 3 0 

1070 17 1 2 0  8 2 4 0 

1080 18 3 5 2  11 1 4 0 

1106 14 2 2 0  13 1 4 0 

1114 16 2 10 1  15 1 4 0 

1132 22 5 5 0  15 2 3 2 

1164 15 4 3 3  18 2 5 0 

1202 16 1 7 1  11 2 0 1 

1213 7 0 4 1  2 0 3 0 

1234 18 3 6 1  14 3 3 0 

1236 3 0 2 0  0 1 4 0 

1257 22 2 0 1  10 3 5 0 

1259 10 1 3 1  9 1 6 0 
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1277 17 2 2 0  12 2 0 0 

1283 7 1 4 2  27 3 3 1 

1289 11 3 0 0  13 4 0 0 

1297 5 1 3 0  8 3 2 0 

1299 1 1 1 1  6 0 3 0 

1300 1 1 0 0  9 2 8 0 

1315 13 2 0 0  11 2 0 0 

1320 1 0 2 0  2 1 4 0 

1357 11 2 1 0  10 1 0 0 

1393 11 3 0 0  11 3 0 0 
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APPENDIX 7 

Appendix 7 Table 1. Percent cover of dominant and sub-dominant tree canopy layers, and shrub and herbaceous layers recorded by 
survey period as a proportion of sampled locations (n=44 relevé plots). Vegetation cover data are depicted in Figures 12 and 16. 

 Dominant tree  Sub-dominant tree  Shub  Herbaceous 

Cover (%) 1977 2015  1977 2015  1977 2015  1977 2015 

< 1 0.26 0.07  0.00 0.07  0.00 0.13  0.00 0.18 

> 1–5 0.05 0.18  0.03 0.09  0.00 0.07  0.00 0.13 

> 5–10 0.03 0.23  0.05 0.38  0.05 0.00  0.00 0.11 

> 10–25 0.15 0.30  0.13 0.33  0.00 0.13  0.00 0.11 

> 25–50 0.21 0.09  0.51 0.13  0.09 0.29  0.05 0.09 

> 50–75 0.18 0.14  0.23 0.00  0.11 0.29  0.23 0.20 

> 75–90 0.10 0.00  0.05 0.00  0.36 0.09  0.36 0.13 

> 90 0.03 0.00  0.00 0.00  0.39 0.00  0.36 0.04 
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APPENDIX 8 

Appendix 8 Table 1. Height of dominant tree canopy recorded by survey period as a proportion 
of sampled locations (n=44 relevé plots). Tree height data are depicted in Figure 13. 

Height (m) 1977 2015 

0 0.00 0.07 

2 0.00 0.00 

4 0.00 0.00 

6 0.02 0.07 

8 0.04 0.29 

10 0.04 0.40 

12 0.04 0.02 

14 0.04 0.04 

16 0.09 0.04 

18 0.16 0.00 

20 0.13 0.07 

22 0.09 0.00 

24 0.09 0.00 

26 0.09 0.00 

28 0.00 0.00 

30 0.02 0.00 
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APPENDIX 9 

Appendix 9 Table 1. Dominant tree canopy cover and height by elevation and survey period as 
a proportion of sampled locations (n=534 survey stations). Canopy cover and height data are 
depicted in Figures 14 and 15. Percentages by year may not sum to 100 where there is missing 
station data. 

  Low elevation 

(<1,000 m) 
 Mid elevation 

(1,000) – 1,500 m) 
 High elevation 

(>1,500 m)   1977 2015  1977 2015  1977 2015 

Canopy cover 

(%) 
< 5 0.00 0.14  0.00 0.27  0.00 0.27 

> 5 –25 0.03 0.35  0.12 0.29  0.18 0.21 

> 25 – 60 0.60 0.32  0.65 0.36  0.50 0.46 

> 60 0.37 0.19  0.24 0.08  0.32 0.06 

Canopy height 

(m) 
0 - 2 0.00 0.00  0.00 0.01  0.00 0.06 

> 2 – 5 0.02 0.08  0.03 0.12  0.11 0.17 

> 5 –10 0.45 0.55  0.07 0.68  0.29 0.36 

> 10 0.53 0.37  0.90 0.18  0.60 0.41 
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APPENDIX 10 

Appendix 10 Table 1. Extent of pig digging disturbance within a 10-m radius area of stations 
surveyed in 1977 and 2015, as a proportion of sampled locations (n=534). 

Pig 
digging 

(% area) 

Year Proportion 

0 1977 0.271 
0 2015 0.891 

10 1977 0.140 
10 2015 0.071 

20 1977 0.137 

20 2015 0.033 
30 1977 0.106 

30 2015 0.002 
40 1977 0.080 

40 2015 0.000 

50 1977 0.040 
50 2015 0.004 

60 1977 0.069 
60 2015 0.000 

70 1977 0.046 
70 2015 0.000 

80 1977 0.057 

80 2015 0.000 
90 1977 0.040 

90 2015 0.000 
100 1977 0.014 

100 2015 0.000 
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APPENDIX 11 

Appendix 11 Table 1. Total and mean abundance (count per station) of native and non-native bird species by elevation stratum. 
Metrics include the proportion of counts comprised of native species, most common species detected, and species richness. 

  Native counts  Non-native counts  T&E counts  Percent Most Species richness 

Year Elev. Total Mean  Total Mean  Total Mean  native common Total Native Non-native 

1977 600 40 2.9  96 6.9  0 0.0  0.29 JAWE 6 3 3 
 700 44 1.4  122 3.9  0 0.0  0.27 JAWE 7 2 5 
 800 178 5.1  137 3.9  0 0.0  0.57 JAWE 11 4 7 
 900 246 4.6  175 3.3  2 0.0  0.58 OMAO 11 6 5 
 1,000 271 5.5  184 3.8  0 0.0  0.60 OMAO 9 5 4 
 1,100 426 7.1  363 6.1  1 0.0  0.54 JAWE 12 6 6 
 1,200 615 9.9  424 6.8  2 0.0  0.59 APAP 17 6 11 
 1,300 545 10.1  297 5.5  0 0.0  0.65 APAP 13 5 8 
 1,400 531 11.8  169 3.8  30 0.7  0.76 APAP 17 10 7 
 1,500 568 14.6  104 2.7  9 0.2  0.85 OMAO 11 8 3 
 1,600 595 15.3  113 2.9  11 0.3  0.84 APAP 12 8 4 
 1,700 291 12.1  94 3.9  10 0.4  0.76 APAP 14 8 6 
 1,800 258 12.3  55 2.6  11 0.5  0.82 APAP 15 8 7 
 1,900 231 17.8  9 0.7  16 1.2  0.96 APAP 8 5 3 
2015 600 1 0.1  115 8.2  1 0.1  0.01 JAWE 6 1 5 
 700 21 0.7  138 4.5  0 0.0  0.13 JAWE 8 2 6 
 800 59 1.7  220 6.5  0 0.0  0.21 JAWE 11 3 8 
 900 106 2.0  283 5.3  0 0.0  0.27 JAWE 10 3 7 
 1,000 162 3.3  206 4.2  0 0.0  0.44 JAWE 8 3 5 
 1,100 249 4.2  268 4.5  2 0.0  0.48 APAP 15 4 11 
 1,200 353 5.7  420 6.8  1 0.0  0.46 APAP 17 6 11 
 1,300 559 10.2  334 6.1  0 0.0  0.63 APAP 12 5 7 
 1,400 557 12.4  197 4.4  0 0.0  0.74 APAP 13 5 8 
 1,500 435 11.2  122 3.1  2 0.1  0.78 APAP 12 7 5 
 1,600 588 15.1  151 3.9  3 0.1  0.80 APAP 10 7 3 
 1,700 304 12.7  105 4.4  2 0.1  0.74 APAP 12 6 6 
 1,800 381 18.1  56 2.7  0 0.0  0.87 APAP 12 5 7 
 1,900 149 11.5  10 0.8  1 0.1  0.94 APAP 5 4 1 
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APPENDIX 12 

Appendix 12. Bird totals and distribution by species and survey period (also see Table 5). Species are listed alphabetically by origin 
group (native and non-native). Species with records limited to only one survey are appended at the end of each group. Background 
image is the same for both panels. 
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