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ABSTRACT 

The Hakalau Forest Unit (HFU) of Big Island National Wildlife Refuge Complex (BINWRC) has 

intensively monitored non-native ungulate presence and distribution during surveys of all 

managed areas since 1988. In this report we: 1) provide results from recent ungulate surveys 

and the number of removals at HFU to determine the distribution, abundance, and efficacy of 

removals of feral pigs, the dominant ungulate, from 2010 to 2015; 2) present results of surveys 

of the presence and distribution of several ungulate species at the Kona Forest Unit (KFU) of 

BINWRC from November of 2012 to April of 2015; 3) present results of surveys of weed 

presence and cover at both refuge units; and 4) present comparative analyses of forest canopy 

cover at KFU from visual estimates and geospatial imagery. Removals of feral pigs at HFU 

appear to have significantly decreased pig abundance over the study period from 2010–2015. A 

grand total of 1,660 feral pigs were removed from managed areas of HFU from 2010 until 

September of 2015. Management units 2 and 4 contained the majority of pigs at HFU. Recent 

surveys recorded high densities of pigs in the unenclosed, unmanaged area of Lower Maulua, 

reaching 14.9 ± (3.2) pigs/km2 in March of 2015. The total amount of ungulate sign ranged 

from 22.2 to 54.3 percent of plots surveyed at KFU from November of 2012 to April of 2015. 

The ability to differentiate sign of ungulate species remains problematic at KFU; although there 

appears to have been a significant decline in feral cattle sign at KFU, this result is likely to be 

unreliable because cattle and pig sign were not differentiated consistently during later surveys. 

Spatial distributions in weed cover are distinctive; however, some weed species may not be 

reliably represented due to observers’ inconsistencies in recording data and abilities to 

recognize less common weeds.  

INTRODUCTION 

The Hakalau Forest Unit (HFU) of Big Island National Wildlife Refuge Complex (BINWRC) has 

intensively managed feral pigs (Sus scrofa) and monitored presence of pigs and weeds during 

surveys of all managed areas since 1988. Results of all available data regarding pig 

management activities through 2004 were compiled and analyzed by Hess et al. (2006). Further 

analyses of feral pig abundance at HFU from 2010–2013 were reported by Hess et al. (2013) 

and results of ungulate and weed surveys through 2014 were reported by Leopold et al. (2015). 

The distribution and relative abundance of feral pigs, weeds, and vegetation composition and 

structure was also monitored and reported for the Kona Forest Unit (KFU) of BINWRC, although 

absolute abundance estimates of ungulates were not determined for this area (Leopold et al. 

2015). None of the previous reports included data or analyses on the number of feral pigs that 

have been removed since 2010. Analyses of continued monitoring of feral pig abundance, 

distribution, and management actions of recent feral pigs removals may provide an updated 

perspective and inform management decisions, as well as insight about potential relationships 

between feral pigs and weeds. The objective of this report is to analyze recent feral ungulate 

surveys at BINWRC to determine current pig abundance and distribution relative to 

management removals of feral pigs from 2010–2015 and to help managers identify priority 
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areas for ungulate management. In this report we: 1) provide results from recent ungulate 

surveys and the number of removals at HFU to determine the distribution, abundance, and 

efficacy of removals feral pigs, the dominant ungulate, from 2010 to 2015; 2) present results of 

surveys of the presence and distribution of several ungulate species at the KFU of BINWRC from 

November of 2012 to April of 2015; 3) present results of surveys of weed presence and cover at 

both refuge units; and 4) present comparative analyses of forest canopy cover at KFU from 

geospatial imagery and visual estimates reported in Leopold et al. (2015) to determine if 

estimates of canopy cover from geospatial imagery obviate the need for visual estimates made 

in the field during future vegetation surveys. 

METHODS 

Ungulate and Weed Surveys 

Surveys were conducted for the presence, distribution, and age of non-native ungulate activity 

consisting of scat, digging, tracks, or browsed vegetation within 50-m2 contiguous plots using 

field methods consistent with Stone et al. (1991). At HFU, 417 stations, each with 

approximately 20 sample plots, along 17 transects were surveyed during 2010–2015. At KFU, 

147 stations, each with approximately 17 sample plots, along four transects were surveyed 

during 2012–2015. Ungulate sign was categorized as fresh (F), intermediate (I), or old (O) for 

evidence of digging, scat, tracks and trails, or browse as described by Stone et al. (1991). The 

presence and cover of weeds was also recorded at the same sample plots. Weed cover was 

surveyed for Florida blackberry (Rubus argutus), banana poka (Passiflora tarminariana), 

photinia (Photinia davidiana), English holly (Ilex aquifolium), and gorse (Ulex europaeus) at 

HFU and for Koster’s curse (Clidemia hirta), strawberry guava (Psidium cattleianum), and 

fireweed (Senecio madagascariensis) at KFU. Amount of cover for each weed species was 

estimated in five categories: < 5%; 6–25%; 26–50%; 51–75%; and > 75%. Observers were 

trained in distance measurement by pacing and in identifying and ageing sign by more 

experienced observers. Surveys were conducted at HFU during November 2010 and 2011; 

October 2012; March, May, September, and December of 2013; March, June, September, and 

December of 2014; and March, June, and September of 2015 (Table 1). Twenty-three 

additional survey plots from Management Unit 8 (Pua Akala) were augmented in September of 

2014. Surveys were conducted at the KFU during November 2012, March, June, and September 

of 2013, March 2014, and January and April of 2015 (Table 2). 

Canopy Cover at KFU 

We investigated alternative remote methods to examine vegetation structure at KFU because 

we were unable to gain access to conduct additional ground-based vegetation surveys during 

much of 2014 and 2015. To examine accuracy and bias for two methods of canopy cover 

estimation, we compared canopy cover estimates from 20 vegetation plots at KFU using aerial 

imagery from Pictometry (EagleView Technologies, Inc. 2015) to estimates of canopy cover 

made visually from the ground as reported in Leopold et al. (2015). We used the most recent 
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images available for the KFU area, which were from 2009. UTM coordinates of vegetation plot 

corners were marked on the clearest image available. Cover was determined to be the 

proportion of plot area occupied by plant material, and estimated in increments of 5%. All 

images were saved as .jpg files. 

Data Management 

Date, observer, transect, station, and status of ungulate sign was entered for each plot 

surveyed on a Microsoft Excel spreadsheet (Appendix 1, 2). Fresh sign was given priority over 

intermediate sign, which were both given priority over old sign for each of the four types of 

sign: digging, scat, browse, or tracks/trails. The single highest priority sign in any of the 

categories was used to represent the status of ungulate sign for each plot for analyses. All data 

were error-checked for ≤ 1% entry error. Data were summarized and joined to their spatial 

coordinates (Appendix 3, 4, 5) using RStudio (RStudio Team 2015) and plotted using ArcGIS 

10.2.1 Geographic Information System (ESRI, Redlands, CA). Locations were assigned to 

appropriate management units by UTM coordinates. 

Analyses 

We calculated the proportion of plots with fresh or intermediate pig sign (𝑝) in each 

management unit during each survey. Old sign was previously determined to be a poor 

predictor of pig abundance and not used in further analyses (Hess et al. 2006). Proportions 

were transformed to arcsine values for analyses to determine feral pig abundance (Sokal and 

Rohlf 1981). Estimated pig density (�̂�) in unenclosed areas and estimated population sizes 

within enclosed units with 95% predictive confidence intervals were determined based on the 

estimated best regression equation and its variance (S = 2.290) from Hess et al. (2006): �̂� (pigs/km2) = 20.665 * arcsine (√𝑝) 

Estimated pig density was then multiplied by the area of each enclosed unit to determine the 

estimated number of pigs present. We compiled the total annual number of feral pigs reported 

to have been removed from management units at HFU between 2010 and 2015. We 

recombined the maximum estimated abundance within each management unit for each year as 

indicated in Table 3 and compared estimates to total annual removals and removals within 

management units. 

Weed presence was summarized by percent of stations where each species was detected 

(Appendix 6, 7). The maximum percent of weed cover from each station was also displayed in 

six categories: 0% sign (white); < 5% (green); 5–25% (blue); 26–50% (yellow); 51–75% 

(orange); > 75% (red). 
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RESULTS 

Ungulates 

A grand total of 23,395 plots were resurveyed at HFU between September of 2014 and 

September 2015 (Table 1). The total amount of feral pig sign ranged from 6.7 to 20.2 percent 

of plots surveyed at HFU since November of 2010 (Table 2). Estimated total feral pig 

abundance (± 95% confidence intervals) at HFU ranged from 489.1 (± 105.6) in November 

2010 to 237.2 (± 51.2) in September 2015 (Table 3). Estimated total feral pig abundance 

during sequential surveys at HFU appears to have steadily decreased over this time period 

(Figure 1). Confidence intervals of estimates in June and September of 2015 were exclusively 

less than those of November 2010 and 2012, and March 2013 indicating a significant decrease 

in feral pig abundance over the study period despite the addition of the 2.3 km2 area of 

Management Unit 8 (Pua Akala) in September of 2014 (Table 3). Management Unit 2 (Shipman) 

consistently contained the greatest number of pigs during the entire study period, ranging from 

121.4 (± 26.2) in May of 2013 to 247.8 (± 53.5) in December of 2013 (Figure 2). Unit 4 (Upper 

Maulua) contained the second highest number of pigs, ranging from a high of 165.6 (± 35.7) in 

September of 2014 to a low of 61.9 (± 13.4) in September of 2015. Although there had been a 

significant decline in pig density in the unenclosed area of Lower Maulua from 15.1 (± 3.3) 

pigs/km2 in November of 2010 to 6.6 (± 1.4) pigs/km2 in March of 2014, recent surveys 

recorded high densities of pigs in this area, reaching 14.9 ± (3.2) pigs/km2 in March of 2015 

(Figure 3). 
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Table 1. Summary of transects, and number of stations and plots surveyed at Hakalau Forest Unit of the Big Island National Wildlife 

Refuge Complex, Hawai‘i Island, from September of 2014 until September of 2015. The number of sampled transects and stations 
varied between surveys, and some stations were not sampled because they extended into unmanaged areas. Twenty-four additional 

stations were augmented to transects 1, 1A, 2, and 3 at Pua Akala (Unit 8) in September of 2014. 

Transect 
Number of 

Stations 

Number of Stations Surveyed  Number of Plots Surveyed 

Sep 

2014 

Dec 

2014 

Mar 

2015 

Jun 

2015 

Sep 

2015 
 

Sep 

2014 

Dec 

2014 

Mar 

2015 

Jun 

2015 

Sep 

2015 

1 24 6 23 5 18 20  118 451 100 320 382 

1A 25 5 25 6 18 15  92 478 108 350 428 

1B 17 0 8 0 8 0  0 158 0 162 0 

2 24 13 15 12 10 21  250 294 228 189 458 

3 24 14 16 14 10 24  267 304 267 199 474 

4 20 7 11 8 11 17  131 215 153 198 333 

5 26 8 14 9 15 25  140 281 154 305 490 

6 27 7 16 8 16 23  136 260 151 328 440 

7 27 21 15 25 0 22  399 261 467 0 436 

7A 26 0 9 25 0 24  0 166 501 0 499 

8 27 10 26 9 16 25  183 499 171 330 511 
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8A 26 26 0 25 0 25  519 0 474 0 504 

9 27 24 0 24 0 22  503 0 453 0 442 

10 28 16 19 27 0 27  309 380 541 0 523 

11 28 12 20 0 0 26  240 399 0 0 519 

13 31 10 20 11 19 29  202 381 200 363 562 

14 31 9 18 10 19 29  174 363 196 358 575 

Total 422 188 255 218 160 374  3663 4890 4164 3102 7576 
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Table 2. Percent of plots with fresh or intermediate feral pig sign within eight enclosed management units and an unenclosed area of 

the Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 

Survey 

Management Unit 

Middle 

Honohina 

Shipman Lower 

Honohina 

Upper 

Maulua 

Upper 

Honohina 

Middle 

Hakalau 

Middle 

Papaikou 

Pua 

Akala 

Lower 

Maulua 
Total 

 2.21 km2 22.13 km2 7.99 km2  8.39 km2  4.49 km2 5.23 km2 7.22 km2 2.3 km2 Unenclosed 59.96 km2 

Nov 2010 52.2 17.4 29.7 26.2 38.2 2.5 6.7 -- 44.7 20.2 

Nov 2011 2.5 -- -- 24.9 10.7 -- -- -- -- 16.6 

Nov 2012 2.2 26.1 27.8 25.5 22.5 3.9 1.0 -- -- 19.2 

Mar 2013 18.0 23.2 38.4 6.3 9.6 0.2 0.7 -- -- 16.5 

May 2013 4.4 6.9 27.0 7.7 5.5 0.6 0.0 -- -- 6.7 

Sep 2013 36.5 13.1 20.9 9.1 14.8 2.0 3.2 13.9 -- 12.5 

Dec 2013 30.6 26.6 21.0 7.5 1.5 0.0 0.0 --  10.3 

Mar 2014 12.0 24.4 10.2 7.5 14.0 0.0 0.0 -- 9.9 16.9 

Jun 2014 -- 27.5 -- 18.4 0.0 0.6 0.4 -- -- 17.0 

Sep 2014 1.2 11.3 2.6 66.7 0.0 0.4 0.0 1.5 36.0 8.0 
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Dec 2014 0.8 16.7 0.0 39.3 1.7 0.0 0.7 5.2 -- 14.6 

Mar 2015 0.7 13.8 1.2 21.4 0.0 2.2 5.9 0.3 43.5 10.1 

Jun 2015 -- 13.9 -- 18.6 -- -- 0.3 -- -- 13.6 

Sep 2015 2.4 8.0 0.0 12.2 0.9 2.4 0.2 1.0 32.4 6.8 
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Table 3. Estimated abundance of feral pigs (± 95% confidence intervals) within eight enclosed management units and an unenclosed area of the Hakalau Forest Unit of the Big 

Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015 based on index surveys calibrated with a model developed by Hess et al. (2006). Maximum values within 

years when multiple surveys were conducted are highlighted in bold text and used to determine maximum annual recombined abundance estimates. 

Survey 

Feral Pig Abundance       

Middle 

Honohina 

Shipman Lower 

Honohina 

Upper    

Maulua 

Upper 

Honohina 

Middle 

Hakalau 

Middle 

Papaikou 

Pua      

Akala 

Lower      

Maulua 
Total 

2.21 km2 22.13 km2 7.99 km2 8.39 km2 4.49 km2 5.23 km2 7.22 km2 2.3 km2 Unenclosed 59.96 km2 

Nov 2010 33.4 ± 7.2 178.0 ± 38.4 86.3 ± 18.6 84.3 ± 18.2 56.1 ± 12.1 15.6 ± 3.4 35.4 ± 7.6 -- 15.1 ± 3.3/km2 489.1 ± 105.6 

Nov 2011 6.5 ± 1.4 -- -- 82.1 ± 17.1 28.1 ± 6.1 -- -- -- -- 116.7 ± 24.6 

Nov 2012 6.2 ± 1.3 231.6 ± 50.0 84.8 ± 18.3 83.1 ± 17.9 41.0 ± 8.8 6.7 ± 1.4 7.5 ± 1.6 -- -- 461.0 ± 99.5 

Mar 2013 18.1 ± 3.9 208.2 ± 45.0 99.9 ± 21.6 39.7 ± 8.6 26.6 ± 5.7 4.0 ± 0.9 11.1 ± 2.4 -- -- 407.6 ± 88.0 

May 2013 9.7 ± 2.1 121.4 ± 26.2 90.2 ± 19.5 48.9 ± 10.6 21.9 ± 4.7 8.4 ± 1.8 0 ± 0 -- -- 300.4 ± 64.9 

Sep 2013 29.6 ± 6.4 169.7 ± 36.6 78.4 ± 16.9 53.1 ± 11.5 36.7 ± 7.9 15.5 ± 3.3 26.7 ± 5.8 -- 7.9 ± 1.7/km2 409.6 ± 88.4 

Dec 2013 8.0 ± 1.7 247.8 ± 53.5 78.4 ± 16.9 48.0 ± 10.4 11.5 ± 2.5 0 ± 0 0 ± 0 -- -- 393.7 ± 85.0 

Mar 2014 16.1 ± 3.5 236.5 ± 51.1 53.7 ± 11.6 48.2 ± 10.4 35.6 ± 7.7 0 ± 0 0 ± 0 -- 6.6 ± 1.4/km2 390.2 ± 84.2 

Jun 2014 -- 252.2 ± 54.4 -- 76.8 ± 16.6 0 ± 0 8.2 ± 1.8 9.4 ± 2.0 -- -- 346.7 ± 74.8 
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Sep 2014 4.9 ± 1.1 157.0 ± 33.9 27.0 ± 5.8 165.6 ± 35.7 0 ± 0 6.6 ± 1.4 0 ± 0 5.8 ± 1.3 13.3 ± 2.9/km2 366.9 ± 79.2 

Dec 2014 4.1 ± 0.9 192.3 ± 41.5 0 ± 0 117.4 ± 25.3 12.1 ± 2.6 0 ± 0 12.1 ± 2.6 10.9 ± 2.4 -- 348.0 ± 75.3 

Mar 2015 3.9 ± 0.8 174.3 ± 37.6 18.4 ± 4.0 83.4 ± 18.0 0 ± 0 16.0 ± 3.4 36.5 ± 7.9 2.4 ± 0.5 14.9 ± 3.2/km2 335.0 ± 72.3 

Jun 2015 -- 174.8 ± 37.7 -- 77.3 ± 16.7 -- -- 8.4 ± 1.8 -- -- 260.5 ± 56.2 

Sep 2015 7.0 ± 1.5 131.3 ± 28.3 0 ± 0 61.9 ± 13.4 8.7 ± 1.9 16.7 ± 3.6 6.9 ± 1.5 4.7 ± 1.0 12.5 ± 2.7/km2 237.2 ± 51.2 
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Figure 1. Estimated total abundance of feral pigs (± 95% confidence intervals) at the Hakalau 

Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, November 2010–
September 2015 based on sequential index surveys calibrated with a model developed by Hess 

et al. (2006). Total pig abundance was underestimated in June of 2014 because two 

management units were not surveyed. The May 2013 estimate is also anomalously low. 

 

A grand total of 1,660 feral pigs were removed from managed areas of HFU from 2010 until 

September of 2015. The total number of feral pigs removed annually ranged from 32 in 2010 to 

407 in 2013 (Table 4). The total number of feral pigs removed annually approached the 

estimated highest recombined total abundance in years 2013–2015 (Figure 4). The total 

number of annual removals and population estimates are highly correlated in years 2012–2015 

(R2 = 0.71). Total removals in year 2013 were greater than 72% of the estimated highest total 

abundance for the same year which may reflect biases such as underestimation during surveys, 

possible ingress into one or more management units, or a large number of pigs caught in 

snares over a period of several years. Annual removals from management units 1, 3, 4, and 8 in 

some years exceed the estimated highest total abundance, indicating the source of potential 

biases in particular management units (Figure 4). 
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Figure 2. Feral pig sign from eight enclosed management units and one unenclosed area at Hakalau Forest Unit of the Big Island 

National Wildlife Refuge Complex, Hawai‘i Island, 2014–2015. Values represent the maximum recorded from each sample station. 

N 
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Figure 3. Estimated total maximum abundance (± 95% confidence intervals) and total number 

of feral pigs removed by year from eight enclosed management units at the Hakalau Forest Unit 

of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 
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Table 4. Number of feral pigs removed from eight enclosed management units at the Hakalau 

Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 

Totals with asterisks include small numbers of pigs which were removed from unspecified areas. 

    Area 

km2 

 Removals 

Management unit  2010 2011 2012 2013 2014 2015 

Middle Honohina Unit 1 2.21  0 5 10 3 0 14 

Shipman Unit 2 22.13  0 257 189 176 167 109 

Lower Honohina Unit 3 7.99  19 13 29 29 67 7 

Upper Maulua Unit 4 8.39  1 41 8 148 79 70 

Upper Honohina Unit 5 4.49  0 0 8 15 10 0 

Middle Hakalau Unit 6 5.23  4 5 4 0 0 13 

Middle Papaikou Unit 7 7.22  8 8 1 0 0 6 

Pua Akala Unit 8 2.30  0 12 32 35 23 3 

Unspecified areas    -- --  0 22 3 1 1 3 

Total 59.96  32 363* 284* 407* 347* 227* 
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Figure 4. Estimated maximum recombined total abundance (± 95% confidence intervals) of 

feral pigs and total number of feral pigs removed by year from the Hakalau Forest Unit of the 

Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 

 

A grand total of 4,163 plots were resurveyed at KFU during January and April of 2015 (Table 5). 

The total amount of ungulate sign ranged from 22.2 to 54.3 percent of plots surveyed at KFU 

since November of 2012 (Table 6; Figures 5-7). There were no trends in feral pig sign or overall 

ungulate sign over the course of this study at KFU (p > 0.31); however, although there appears 

to have been a significant decline in feral cattle sign at KFU (p < 0.03, R2 = 0.65), this result is 

likely to be unreliable because cattle and pig sign were not differentiated consistently during 

later surveys.  

 

 

 

 

 

 

 

0

100

200

300

400

500

600

700

2010 2011 2012 2013 2014 2015

N
u

m
b

e
r 

o
f 

P
ig

s
Abundance (±95% CI)

Removals



  

16 

 

Table 5. Summary of transects, and number of stations and plots surveyed at the Kona Forest 

Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, during 2012–2015. 

  Transect Total 

  1 2 3 4  

 Number of Stations 37 37 35 37 146 

 Survey Date      

Number of 

Stations Surveyed 

Nov 2012 37 37 36 37 147 

Mar 2013 37 36 35 37 145 

Jun 2013 37 36 35 37 145 

Sep 2013 37 36 36 37 146 

Mar 2014 37 37 36 35 145 

Jan 2015 37 37 35 36 145 

Apr 2015 37 37 34 37 145 

       

Number of Plots 

Surveyed 

Nov 2012 646 629 565 623 2463 

Mar 2013 613 619 579 692 2503 

Jun 2013 677 585 533 619 2414 

Sep 2013 608 581 474 552 2215 

Mar 2014 555 728 487 570 2340 

Jan 2015 509 555 520 525 2109 

Apr 2015 550 557 426 521 2054 
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Table 6. Number of plots with fresh or intermediate feral ungulate sign/number of plots 

surveyed and percent of plots with sign within two enclosed management units of the Kona 

Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2012–2015. 

   Management Unit 

   Upper 7.79 km2  Middle 7.53 km2  Total 15.32 km2 

Type of 

Sign 

Survey 

Date 
 

Number 

of Plots 

Percent 

of Plots 
 

Number 

of Plots 

Percent 

of Plots 
 

Number  

of Plots 

Percent 

of Plots 

Feral 

Cattle 

Nov 2012  203/1227 16.5  509/1236 41.2  712/2463 28.9 

Mar 2013  118/1178 10.0  308/1325 23.2  426/2503 17.0 

Jun 2013  181/1151 15.7  418/1263 33.1  599/2414 24.8 

Sep 2013  223/1131 19.7  291/1070 27.2  514/2201 23.4 

Mar 2014  99/1122 8.8  339/1218 27.8  438/2340 18.7 

Jan 2015  49/959 5.1  51/1150 4.4  100/2109 4.7 

Apr 2015  126/1055 11.9  161/1031 15.6  287/2086 13.8 

           

Feral Pig 

Nov 2012  21/1227 1.7  185/1236 15.0  206/2463 8.4 

Mar 2013  44/1178 3.7  76/1325 5.7  120/2503 4.8 

Jun 2013  11/1151 1.0  42/1263 3.3  53/2414 2.2 

Sep 2013  4/1131 0.4  86/1070 8.0  90/2201 4.1 

Mar 2014  7/1122 0.6  176/1218 14.5  183/2340 7.8 

Jan 2015  19/959 2.0  65/1150 5.7  84/2109 4.0 

Apr 2015  46/1055 4.4  165/1031 16.0  211/2086 10.1 



  

18 

 

           

All 

Ungulate 

 

Nov 2012  251/1227 20.5  808/1236 65.4  1059/2463 43.0 

Mar 2013  159/1178 13.5  459/1325 34.6  618/2503 24.7 

Jun 2013  215/1182 18.2  452/1232 36.7  667/2414 27.6 

Sep 2013  456/1157 39.4  739/1044 70.8  1195/2201 54.3 

Mar 2014  126/1153 10.9  462/1187 38.9  588/2340 25.1 

Jan 2015  203/959 21.7  373/1150 32.4  576/2109 27.3 

Apr 2015  169/1055 16.0  295/1031 28.6  464/2086 22.2 
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Figure 5. Maximum values of feral ungulate sign from two enclosed management units at the 
Kona Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island during 
January and April of 2015.
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Figure 6. Feral ungulate sign from two enclosed management units at the Kona Forest Unit of the Big Island National Wildlife Refuge 

Complex, Hawai‘i Island during January of 2015. Ungulate sign was not adequately differentiated by species during some surveys. 
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Figure 7. Feral ungulate sign from two enclosed management units at the Kona Forest Unit of the Big Island National Wildlife Refuge 

Complex, Hawai‘i Island during April of 2015. 
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Weeds 

Florida blackberry and banana poka were the two most widely distributed weeds at HFU. Florida 

blackberry was consistently detected throughout all of the management units at HFU (Figures 8 

& 9) at more than 34% of stations during surveys from 2010‒2015 (Table 7). Banana poka was 

detected with moderate‒high density coverage throughout unit 4, and was also found 

consistently in units 1 and 5 (Figures 8 & 9). It was detected at 10.3–37.3% of all stations 

during surveys from 2010‒2015 (Table 8). Three other weed species were less widely 

distributed. Photinia davidiana was found almost exclusively in units 1 and 5 since 2011 (Table 

9; Figures 8 & 9). English holly detections were limited to 4 transects in units 2 and 8, with low 

density coverage at all detections. Gorse was detected at higher elevations throughout units 2, 

5, and 8 in low densities.  

Koster's curse and strawberry guava were consistently detected in the lower portions of the 

middle unit and fireweed was detected primarily in the upper unit at KFU (Figures 10 & 11; 

Table 10). Florida blackberry was recorded three times during the 2012 survey, but could have 

been confused with Rubus parviflorus, which was recorded nine times in the upper unit and two 

times in the middle unit during 2015 surveys. Christmasberry (Schinus terebinthifolius) and 

palm grass (Setaria palmifolia) were not observed in the enclosed management units at KFU 

although they were widely distributed at lower elevations. 

Canopy Cover at KFU 

Canopy cover estimates made visually from the ground were an average of 11.5% less than 

those from Pictometry® imagery (Table 11); however, generally corresponded with estimates 

using aerial imagery from Pictometry (R² = 0.50; Figure 12). Differences between Pictometry 

and visual estimates ranged between -40.0% and 48.24%. 
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Figure 8. Percent cover of five weed species (Ilex aquifolium, Passiflora tarminariana, Photinia 

davidiana, Rubus argutus, and Ulex europaeus) in eight enclosed management units at the 

Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island during 
2014. Values presented are the maximum recorded from each sample station during 2014. 

N 
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Figure 9. Percent cover of five weed species (Ilex aquifolium, Passiflora tarminariana, Photinia 

davidiana, Rubus argutus, and Ulex europaeus) in eight enclosed management units at the 

Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island during 
2015. Values presented are the maximum recorded from each sample station during 2015. 

  

N 
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Table 7. Number of stations with Rubus argutus detections/number of stations surveyed and percent of stations with R. argutus detections within eight enclosed management 

units and an unenclosed area of the Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 

Survey 

Weed Abundance   

Middle 

Honohina 

Shipman Lower 

Honohina 

Upper       

Maulua 

Upper 

Honohina 

Middle 

Hakalau 

Middle 

Papaikou 

Pua        

Akala 

Lower        

Maulua 
Total   

 

2.21 km2 22.13 km2 7.99 km2 8.39 km2 4.49 km2 5.23 km2 7.22 km2 2.3 km2 Unenclosed 59.96 km2 

           

2010 

9/13 

69.2 

67/162 

41.4 

2/14 

14.3 

6/30 

20.0 

5/23 

21.7 

12/30 

40.0 

33/55 

60.0 

0/0 

-- 

12/21 

57.1 

146/348 

42.0 

           

2011 

13/13 

100.0 

0/0 

-- 

0/0 

-- 

24/39 

61.5 

6/23 

26.1 

0/0 

-- 

0/0 

-- 

0/0 

-- 

0/0 

-- 

43/75 

57.3 

           

2012 

3/11 

27.3 

82/179 

45.8 

0/8 

0.0 

15/39 

38.5 

15/23 

65.2 

4/34 

11.8 

3/65 

4.6 

0/0 

-- 

0/0 

-- 

122/359 

34.0 

           

2013 12/13 120/178 4/19 26/40 12/23 10/37 5/60 0/0 5/20 194/390 
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92.3 67.4 21.1 65.0 52.2 27.0 8.3 -- 25.0 49.7 

           

2014 

13/13 

100 

117/180 

65.0 

4/17 

23.5 

30/40 

75.0 

10/23 

43.5 

9/37 

24.3 

21/61 

34.4 

20/22 

91.0 

3/18 

16.7 

224/411 

54.5 

           

2015 

12/13 

92.3 

115/175 

64.6 

5/17 

29.4 

27/40 

67.5 

10/23 

43.5 

6/37 

16.2 

4/62 

6.8 

13/20 

0.65 

5/19 

26.3 

197/406 

48.5 

 

 

Table 8. Number of stations with Passiflora tarminariana detections/number of stations surveyed and percent of stations with Passiflora tarminariana detections within eight 

enclosed management units and an unenclosed area of the Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2010–2015. 

Survey 

Weed Abundance  

Middle 

Honohina 
Shipman 

Lower 

Honohina 

Upper        

Maulua 

Upper 

Honohina 

Middle 

Hakalau 

Middle 

Papaikou 

Pua        

Akala 

Lower        

Maulua Total 

2.21 km2 22.13 km2 7.99 km2 8.39 km2 4.49 km2 5.23 km2 7.22 km2 2.3 km2 Unenclosed 59.96 km2 

           

2010 

0/13 

-- 

28/162 

17.3 

0/14 

0.0 

0/30 

0.0 

0/23 

0.0 

0/30 

0.0 

11/55 

20.0 

0/0 

-- 

0/21 

0.0 

39/348 

11.2 
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2011 

2/13 

15.4 

0/0 

-- 

0/0 

-- 

25/39 

64.1 

1/23 

4.3 

0/0 

-- 

0/0 

-- 

0/0 

-- 

0/0 

-- 

28/75 

37.3 

           

2012 

0/11 

0.0 

1/179 

0.6 

0/8 

0.0 

20/39 

51.3 

3/23 

8.7 

0/34 

0.0 

0/65 

0.0 

0/0 

-- 

0/0 

-- 

24/359 

6.7 

           

2013 

5/13 

38.5 

3/178 

1.7 

2/19 

10.5 

26/40 

65.0 

5/23 

21.7 

0/37 

0.0 

0/60 

0.0 

0/0 

-- 

0/20 

0.0 

43/390 

11.0 

           

2014 

11/13 

84.6 

1/180 

0.6 

10/17 

58.8 

34/40 

0.85 

10/23 

43.5 

0/37 

0.0 

0/61 

0.0 

1/22 

4.5 

0/18 

0.0 

67/411 

16.3 

           

2015 

2/13 

15.4 

1/175 

0.6 

1/17 

5.9 

31/40 

77.5 

1/23 

4.3 

0/37 

0.0 

0/62 

0.0 

0/20 

0.0 

6/19 

31.6 

42/406 

10.3 
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Table 9. Number of stations with detections of three weed species (Ilex aquifolium, Photinia davidiana, Ulex europaeus) within eight 

enclosed management units and an unenclosed area of the Hakalau Forest Unit of the Big Island National Wildlife Refuge Complex, 

Hawai‘i Island, 2010–2015. 

Species/Year 

Weed Abundance  

Middle 
Honohina 

Shipman Lower 
Honohina 

Upper    
Maulua 

Upper 
Honohina 

Middle 
Hakalau 

Middle 
Papaikou 

Pua      
Akala 

Lower      
Maulua 

Total    

2.21 km2 22.13 km2 7.99 km2 8.39 km2 4.49 km2 5.23 km2 7.22 km2 2.3 km2 Unenclosed 59.96 km2 

           

Ilex aquifolium           

2010 -- 1 -- -- -- 1 -- -- -- 2 

2011 -- -- -- -- -- -- -- -- -- 0 

2012 -- 6 -- -- -- -- -- -- -- 6 

2013 -- 7 -- -- -- -- -- -- -- 7 

2014 -- 7 -- -- -- -- -- -- -- 7 

2015 -- 8 -- -- -- -- -- 11 -- 19 

Photinia davidiana           

2010 -- 4 1 -- -- -- 2 -- -- 7 

2011 1 -- -- -- -- -- -- -- -- 1 

2012 -- 1 -- -- 4 -- -- -- -- 5 

2013 4 -- 1 4 -- -- -- -- -- 9 

2014 3 -- 1 -- -- -- -- -- -- 4 
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2015 3 -- 2 -- -- -- -- -- -- 5 

Ulex europaeus           

2010 -- 1 -- -- -- -- -- -- -- 1 

2011 -- -- -- -- -- -- -- -- -- 0 

2012 -- 3 -- -- -- -- -- -- -- 3 

2013 -- 8 -- -- -- -- -- -- -- 8 

2014 -- 9 -- -- 1 -- -- 14 -- 25 

2015 -- 6 -- -- 1 -- -- 12 -- 19 
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Figure 10. Percent cover of three weed species (Clidemia hirta, Psidium cattleianum, and Senecio madagascariensis) in two enclosed 

management units at the Kona Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island during January of 
2015. Values presented are the maximum recorded from each sample station. 
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Figure 11. Percent cover of three weed species (Clidemia hirta, Psidium cattleianum, and Senecio madagascariensis) in two enclosed 
management units at the Kona Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island during April of 2015. 
Values presented are the maximum recorded from each sample station.
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Table 10. Number of stations with detections of three weed species (Clidemia hirta, 

Psidium cattleianum, and Senecio madagascariensis) in two enclosed management units of the 

Kona Forest Unit of the Big Island National Wildlife Refuge Complex, Hawai‘i Island, 2012–2015. 

    Management Unit 

Species/Year  Upper 7.79 km2  Middle 7.53 km2  Total 15.32 km2 

       

 Clidemia hirta       

2012  --  --  0 

2013  --  20  20 

2014  --  20  20 

2015  --  20  20 

       

 Psidium cattleianum       

2012  --  20  20 

2013  --  16  16 

2014  --  1  1 

2015  1  3  4 

       

Senecio madagascariensis       

2012  --  --  0 

2013  16  --  16 

2014  11  --  11 

2015  6  --  6 
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Table 11. Forest canopy cover estimates of 20 vegetation plots across four vegetation types at 

the KFU of the BINWRC, Hawai‘i Island. Vegetation categories included: koa-‘ōhi‘a forest (KOA), 
mesic ‘ōhi‘a forest (MOHIA), subalpine woodland (SW), and wet forest (WF). Canopy cover was 

estimated visually at transects during 2013 and by using Pictometry aerial imagery from 2009. 

Values for transect estimates are averages across all transect within each plot. 

Plot ID 

Estimated Canopy Cover  Difference 

Pictometry Visual  Pictometry-Visual Percent 

KOA-15 85 64  21 24.7 

KOA-17 85 89  -4 -4.7 

KOA-25 55 42  13 23.6 

KOA-41 80 67  13 16.3 

KOA-7 50 35  15 30.0 

MOHIA-29 70 66  4 5.7 

MOHIA-35 75 98  -23 -30.7 

MOHIA-39 80 87  -7 -8.8 

MOHIA-47 85 44  41 48.2 

MOHIA-6 65 57  8 12.3 

SW-19 40 34  6 15.0 

SW-27 45 49  -4 -8.9 

SW-3 30 22  8 26.7 

SW-4 45 27  18 40.0 

SW-49 40 56  -16 -40.0 

WF-18 55 60  -5 -9.1 

WF-19 70 53  17 24.3 

WF-39 85 64  21 24.7 

WF-43 80 63  17 21.3 

WF-45 65 61  4 6.2 

KOA-15 85 64  21 24.7 

Mean 65.2 57.2  168 11.5 
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Figure 12. Relationship between two methods for estimating forest canopy cover at 20 

vegetation plots in four vegetation types at the Kona Forest Unit of the Big Island National 

Wildlife Refuge Complex, Hawai‘i Island. Canopy cover was estimated visually at vegetation 

plots during 2013 (Leopold et al. 2015) and by using Pictometry aerial imagery from 2009. 

Values for transect estimates were averaged across all transect within each plot. 

DISCUSSION 

Removals of feral pigs at the Hakalau Unit of the Big Island National Wildlife Refuge Complex 

appear to have significantly decreased pig abundance over the study period from 2010–2015. 

Removals approached a particularly high proportion of pigs remaining in 2013–2015. Estimates 

from the last two surveys conducted in 2015 were exclusively less than estimates from surveys 

conducted in 2010 through early 2013. The greatest numbers of remaining feral pigs were in 

Management Unit 2 (Shipman) which was subdivided into three smaller management units in 

2013 to further facilitate population reduction. Density changes in the unenclosed and 

unmanaged Lower Maulua unit reflect natural fluctuations in pig abundance and measurement 

error. 

Because feral pig removals represented such a large proportion of population estimates or 

exceeded population estimates in several management units during some years, we suspect 

potential biases in survey methodology or ingress may have affected results, making 

interpretation difficult in smaller management units. Additionally, survey periods and snare 
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removal efforts were concentrated among different time scales, i.e. some ungulate removals in 

a survey period could have actually occurred in previous months. Nonetheless, the overall total 

number of annual removals and population estimates are highly correlated in years 2012–2015, 

indicating that removals are likely to be affecting the abundance of feral pigs remaining at HFU. 

Feral ungulates remained abundant at Kona Forest Unit, with ungulate sign recorded at nearly 

92% of stations during surveys in 2014–2015. Although these data suggest some decrease in 

cattle abundance, this result may be due to unreliable differentiation of cattle and pig sign, 

particularly in later surveys. The ability to differentiate sign of ungulate species continued to 

remain problematic at KFU; species that browsed vegetation, rubbed on trees, or created 

wallows could not be reliably distinguished. Tracks were often indistinct. The most reliable 

species identifications came from fresh or intermediate scat. Measures of ungulate abundance 

at KFU should be considered relative for purposes of spatial and temporal comparisons only. 

Absolute measures of abundance will not be available until a calibrated model of reconstructed 

feral cattle and pig abundance has been validated. 

Changes in weed cover at HFU and KFU do not yet demonstrate any strong temporal pattern. 

Spatial patterns are more pronounced; however, some weed species may not be reliably 

represented due to observers’ abilities to recognize less common weeds, particularly Photinia at 

HFU. The approach we used to minimize differences between observers was to present the 

maximum cover value at each sample station over several surveys. The identification of some 

weed species appears to be problematic for observers, and some inconsistencies between 

surveys have not yet been reconciled. More thorough training for plant species identification 

may be needed to ensure the reliability of observations. Several species of invasive plants 

currently have a limited distribution within the portions of KFU enclosed by fence: Clidemia 

hirta, Psidium cattleianum, and Senecio madagascariensis. Nonetheless, the distribution and 

cover of fireweed (Senecio) at KFU appears to have increased over the study period, but may 

have been due to seasonality (i.e., flowering) which made plants more obvious to observers. 

Because the accuracy of canopy cover measurements reported in Leopold et al. (2015) seemed 

suspect, we wanted to determine if they corresponded to another independent method. Canopy 

cover estimates made visually from the ground generally agreed with estimates using aerial 

imagery from Pictometry; however, there were discrepancies between these two methods: 1) 

imagery allowed for more accurate cover estimates; 2) one observer evaluated all estimates 

from imagery, eliminating observer variability (as opposed to numerous observers estimating 

canopy cover along transects); 3) it was sometimes unclear as to whether open areas in 

Pictometry imagery contained understory cover ≥ 3 m in height included in transect estimates; 

3) Pictometry imagery was from 2009, but canopy cover may have changed over the 

intervening five years due to tree falls caused by tree senescence, storms, or other factors. 

Although visual estimates of cover may contain observer variability and unknown bias, the 

method may be used for rapid assessment whereas Pictometry results can only be updated 

when new imagery becomes available. Nonetheless, Pictometry offers a particularly convenient 

means to monitor long-term changes in forest canopy cover, requiring no field work. 
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There are several ways that improved data collection during surveys can make analyses and 

findings more straightforward and reliable. More rigorous training is needed for survey 

participants in weed identification and scat differentiation, particularly at KFU, where scat and 

sometimes tracks are the only reliable way to identify sign of different ungulate species. Survey 

participants need to be dutiful in recording their observations. Weed data in particular appears 

to have been recorded inconsistently. Some observers did not have opportunities to see 

uncommon weed species such as Photinia prior to surveys. Observers were often trained only at 

HFU where they were unable to gain experience differentiating sign of feral cattle from feral 

pigs. Participants also often failed to indicate plots which were surveyed but contained no sign. 

These data had to be discarded. Data collection should also be streamlined to expedite 

analyses. Data from terminal parts of transects that cross fenced management units are difficult 

to assign to appropriate management units. These transect “tails” represent only a relatively 

small amount of data that need not be recorded. Data from uninterrupted segments of 

transects are sufficient for analyses. 

ACKNOWLEDGMENTS 

This work was funded by the U.S. Fish and Wildlife Service-U.S. Geological Survey Science 

Support Partnership Program and Invasive Species and Terrestrial and Endangered Wildlife 

Resources Programs of U.S. Geological Survey in final fulfillment of obligations to the project 

“Vegetation change monitoring and adaptive management of non-native ungulates at the Big 

Island National Wildlife Refuge Complex”. We thank the BINWRC staff and staff from Three 
Mountain Alliance, Mauna Kea Watershed Alliance, Mauna Kea Forest Restoration Program, and 

many other volunteers who gathered data, and two reviewers for helpful comments. Any use of 

trade, product, or firm names in this publication is for descriptive purposes only and does not 

imply endorsement by the U.S. Government. 

LITERATURE CITED 

Hess, S. C., J. J. Jeffrey, D. L. Ball, and L. Babich. 2006. Efficacy of feral pig removals at 

Hakalau Forest National Wildlife Refuge. Hawai‘i Cooperative Studies Unit Technical 

Report HCSU-004. University of Hawai‘i at Hilo. 

Hess, S. C., C. R. Leopold, and S. J. Kendall. 2013. Abundance and distribution of feral pigs at 

Hakalau Forest National Wildlife Refuge, 2010–2013. Hawai‘i Cooperative Studies Unit 
Technical Report HCSU-045. 

Leopold, C. R., S. C. Hess, and S. J. Kendall. 2015. Vegetation and non-native ungulate 

monitoring at the Big Island National Wildlife Refuge Complex 2010–2014. Hawai‘i 
Cooperative Studies Unit Technical Report HCSU-062. 

RStudio Team. 2015. RStudio: integrated development for R. RStudio, Inc., Boston, MA 

URL http://www.rstudio.com/. 

http://www.rstudio.com/


  

37 

 

Sokal, R. R., and F. J. Rohlf. 1981. Biometry, 2nd edition. W. H. Freeman and company, New 

York, NY, USA. 

Stone, C. P., P. K. Higashino, L. W. Cuddihy, and S. J. Anderson. 1991. Preliminary survey of 

feral ungulate and alien and rare plant occurrence on Hakalau Forest National Wildlife 

Refuge. Technical Report 81. University of Hawaii Cooperative National Park Resources 

Studies Unit, Honolulu. 109 pp.  



  

38 

 

APPENDIX I. DATA MANAGEMENT AND SUMMARIZATION INSTRUCTIONS 

These instructions will guide users with some experience of using programs R or RStudio 

(preferred) for summarizing ungulate and weed data. 

Appendix II: Ungulate Survey Data Sheet and Data Entry File Example 

Appendix III: Hakalau Forest Unit Ungulate Survey Station UTM Coordinates 

Appendix IV: Kona Forest Unit Ungulate Survey Station UTM Coordinates 

Appendix V: R Script for Summarizing Ungulate Data 

Appendix VI: Hakalau Forest Unit Weed Summary R Script 

Appendix VII: Kona Forest Unit Weed Summary R Script 

Appendix VIII. Minitab Regression File for Population Estimation 

Data entry 

Each station plot should receive its own row, i.e. 20 rows per station. Ensure that column 

headers maintain existing letter case, as R scripts are case sensitive. All records under column 

‘Ungulate_Sign’ must be entered in capital letters. It is the column used for ungulate sign 

summaries and must include ‘F, I, O, or X’; no blank entries. 

Please see the KFU tab for entry examples of sign by multiple ungulate species. There is no 

script to separate cattle, pig, and donkey sign. Separating sign by species must be done 

manually before opening data in RStudio. 

R scripts 

Scripts are annotated for user ease. All scripts may be amended, although changes to 

associated files will also be necessary. Note that R language is case sensitive. File names cannot 

begin with numerical characters. 

All files for summaries must be in one folder, i.e. quarterly survey data and UTM data. Files 

must be saved as .txt for input, and can be output as preferred file type in R script (.csv is 

current file type).  

The working directory must be set using the filepath name to the proper folder.  

At beginning of the script: ‘ungulate_raw<-read.delim(“KFU_pig_Jan2015_for analysis.txt”’, 
insert file name of that to be summarized.   

At the end of the script: ‘write.csv(weed_sum, “Hakalau_weed_summary_quarterly2015-

test.csv”)’ insert preferred file output name.  

All UTM data should attach to transect and station summary data, although visually assessing 

data for errors in ArcGIS is prudent. 
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APPENDIX II. UNGULATE SURVEY DATA SHEET AND DATA ENTRY FILE EXAMPLE 
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APPENDIX III. HAKALAU FOREST UNIT UNGULATE SURVEY STATION UTM COORDINATES 
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APPENDIX IV. KONA FOREST UNIT UNGULATE SURVEY STATION UTM COORDINATES  

 

 

 

APPENDIX V. R SCRIPT FOR SUMMARIZING UNGULATE DATA 
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APPENDIX VI. HAKALAU FOREST UNIT WEED SUMMARY R SCRIPT 

 

 

 

APPENDIX VII. KONA FOREST UNIT WEED SUMMARY R SCRIPT 
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APPENDIX VIII. MINITAB REGRESSION FILE FOR POPULATION ESTIMATION  

 

 

Open Minitab project: PigPopEstimation.MPJ 

Add arcsine transformed proportion values to the next available column 

Select: Stat> Regression > Regression from the dropdown menu 

Make sure Response is set to ‘Pigdens’ and Predictors is set to ‘Asign’
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Set ‘Prediction intervals for new observations:’ to the name of your new data column 

Set confidence level to ‘95’ 

Check boxes for Confidence limits and Prediction limits 

Density values and confidence limits will be displayed as ‘new obs’ in the session window 

 

 

 


