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ABSTRACT 

Given the potential effect of invasive plants and animals to water fluxes through forests, the 
invasive-driven degradation of native ecosystems is a topic of great concern for many 
downstream land and water managers. The infiltration rate determines the partitioning between 
runoff and infiltration into soil in Hawaiian forests and beyond. Thus, to explore the 
ecohydrological effects of plant and animal invasion in mesic and wet forests in Hawaii, we 
measured soil infiltration capacity in multiple fenced (i.e., ungulate-free)/unfenced and 
native/invaded forest sites along moisture and substrate age gradients across the islands of 
Hawai‘i and Kaua‘i. We also characterized forest composition and structure and soil 
characteristics at these sites to assess the direct and vegetation-mediated impacts of invasive 
species on infiltration capacity. 

Infiltration capacity is highly variable across forested sites and the wider landscape. Much of 
this variability is determined by a complex set of soil, vegetation, and disturbance factors that 
affect infiltration capacity at the immediate surrounding of measurement plots. Consequently, 
the effect of any given factor can be masked by variability in other factors. However, by 
controlling for variability in soil and vegetation conditions at a local plot level, we found that the 
presence of invasive species in forests has complex and sometimes non-intuitive effects on 
infiltration. 

Our final models showed that invasive ungulates negatively affect soil infiltration capacity 
consistently across the wide moisture and substrate age gradients considered. Additionally, 
because several soil characteristics known to be affected by ungulates were associated with 
local infiltration rates (e.g., soil organic matter, bare soil cover, soil depth), the long-term 
secondary effects of high ungulate densities in Hawaiian forests may be higher than effects 
observed in this study. These results provide clear evidence for land managers that ungulate 
control efforts likely improve ecohydrologic function to mesic and wet forest systems critical to 
protecting downstream and nearshore resources and maintaining groundwater recharge. 

Compared to ungulate effects, the effect of invasive plants on water infiltration capacity in 
Hawaiian forests appeared much more complex. In general, elements of forest structure 
including increased canopy, understory and floor cover, greater presence of large roots, and 
lower grass and bare soil covers were positively associated with water infiltration. Whether 
native or not, a plant species’ potential to alter infiltration rates in Hawaiian forests was likely to 
depend on its physiognomy and how it affects forest community structure. For instance, while 
the cover of native dominant tree ‘ōhi‘a, Metrosideros polymorpha, was found to be positively 
associated with infiltration capacity (perhaps as an indicator of overall forest integrity), invasive 
Himalayan ginger, Hedychium gardnerianum, was also positively correlated with infiltration 
capacity, possibly due to preferential flow channels created by the presence of large root mats. 

Few studies have conducted comprehensive integrated ecological and hydrological sampling in 
forests of high conservation value. While we show there are large benefits to understanding 
how conservation efforts may help shape water fluxes, we also found that the commonly used 
study design for infiltration studies used here and elsewhere (i.e., adjacent paired sites) could 
be modified to provide more accurate effects of invasion in future studies for ecosystems in 
Hawaii and beyond. 
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INTRODUCTION 

Hawaii’s precipitation is greatest in upland forests (Giambelluca et al. 2013, Jacobi et al. 2017), 
having a large effect on the water cycle within watersheds by various processes. The exact 
routing that water takes is controlled by many factors, including the duration and intensity of 
rain, topography, soil properties, and vegetation (Edwards et al. 2015). The role of vegetation 
in this process is multifaceted. In addition to transpiration, vegetation intercepts rainfall and 
cloud water, altering the flux of water from the top of the canopy to the ground (Thompson et 
al. 2011). The rate at which soil can absorb this moisture (i.e., infiltration rate) is influenced by 
multiple soil characteristics including soil texture and structure, saturation level, soil bulk 
density, and soil organic matter content, which in turn can be affected by vegetation 
characteristics such as vegetation type, height, and composition (Lado et al. 2004, Li et al. 
2009). Past research has found that both infiltration and evapotranspiration are the largest 
controls of the water balance (Casanova et al. 2000). Infiltration rate is known to vary 
substantially across spatial scales but is nevertheless very important as it determines the split 
between runoff and infiltration into the soil in Hawaii and beyond (Verger 2008). Field-saturated 
hydraulic conductivity (Kfs) is often measured as an indicator for infiltration capacity, and for 
many hydrological models, Kfs is an important input parameter (Singh and Woolhiser 1976, 
Sullivan et al. 1996). Infiltration provides water for plant roots and other organisms in the soil, 
thereby increasing ecosystem productivity (Sauer et al. 2005). In addition, water infiltration 
replenishes groundwater and maintains stream base flows (Winter et al. 1998). Runoff, on the 
other hand, can lead to erosion and flashier streams (Baker et al. 2004) as well as lower 
productivity in vegetation.  

The widespread degradation of Hawaiian ecosystems has made the ecosystem effects of 
invasive species-driven vegetation change a topic of great concern, particularly for managing 
water resources in mesic and wet forests statewide. While these forest communities cover just 
28% of Hawaii’s land area (Jacobi et al. 2017), they receive 50% of the total precipitation 
across the state. These communities also face an unrelenting series of ecosystem-modifying 
effects from invasive species with nearly one-third of their area already dominated by non-
native plant species and disturbed by feral pigs and other ungulates (Jacobi et al. 2017). 
Invasive plants and ungulates are thought to alter the routing of water through forests and are 
documented to have negative effects on forest and soil structure (Giambelluca et al. 2011, 
Perkins et al. 2012, Strauch et al. 2016, Long et al. 2017). Land managers, water managers, 
and conservationists have an interest in gaining a better understanding of the links between 
invasive control and downstream benefits.  

Past research indicates that local plant composition, community structure, and land use may 
cause differences in local infiltration capacity (Perkins et al. 2012, Nanko et al. 2015), but 
surprisingly few studies have directly explored differences in infiltration capacity driven by 
native/invasive plant cover in Hawaii’s mesic and wet forests. Most studies have focused instead 
on broader comparisons among forested areas, grasslands, and bare soil areas (Wood 1971, 
Giambelluca and Loague 1992, Ziegler and Giambelluca 1998, Perkins et al. 2012). One study 
that used a similar paired site approach included no paired comparisons of native/invasive 
differences and instead compared effects of habitat structure on infiltration rates (Wirawan 
1978), while a more recent effort compared a single restored native dry forest site to an 
adjacent grassland (Perkins et al. 2012).  



3 

Few studies directly address the potential effects of invasive ungulates on infiltration and fewer 
measure infiltration directly but instead explore ancillary factors related to infiltration such as 
runoff and soil bulk density (Browning 2008, Dunkell et al. 2011). Additionally, despite clear 
effects of ungulates on soil physical and chemical properties, effects observed in most studies 
have been surprisingly equivocal. In a wet forest chronosequence of plots of different time 
since ungulate exclusion, feral pig removal decreased bulk density, volumetric water content, 
and water-filled pore space, while increasing soil porosity, all factors potentially related to 
infiltration (Litton and Cole 2018). However, in the same study, within dry forest 
chronosequence fenced plots, feral ungulate removal had no effect on bulk density. Strauch et 
al. (2016) found no statistical effects of ungulate exclusion on runoff or soil erosion, but also did 
not directly measure infiltration. To confound matters more, Singer et al. (1984) found that pig 
rooting decreased bulk density and hence increased infiltration in sites at the Great Smoky 
Mountains National Park in the southeastern United States. 

Beyond the direct effects of ungulates on soil characteristics associated with infiltration, 
ungulates are known to drastically affect vegetation structure, which potentially influences 
infiltration rates as well. Busby et al. (2010) and Cole and Litton (2014) demonstrated that 
invasive ungulates negatively influenced regeneration of native woody plant species in wet 
Hawaiian forests, and Murphy et al. (2014) found that feral pigs inhibited growth and increased 
the likelihood of mortality in hāpu‘u, Cibotium ssp., a critical species in the understory of 
Hawaiian wet forest systems. 

Considering the limited past research on the effects of invasive plants and animals on water 
infiltration in forest soils, one other common trait of most past efforts has been relatively 
localized efforts. The few studies that have collected infiltration data at broader scales beyond 
adjacent plots have found infiltration to be highly variable, with much of that variability 
unexplained (Verger 2008, Perkins et al. 2018). Hawaii’s wide substrate age gradient, varying 
from 0 to 4.5 million years (myr), has clear implications to soil development and structure 
(Chadwick et al. 1999). These differences are likely to result in differential infiltration capacity of 
forest soils, but also possible different vulnerabilities of physical and chemical alteration by 
invasive animals and plants. Additionally, given the extreme range of rainfall in Hawaii that 
shapes forest structure and composition, consideration of areas that span at least part of this 
moisture gradient is necessary to understand infiltration in these forest soils.  

Given the potential effect of invasive plants and animals to Hawaii’s water resources, here we 
explore their effects on the landscape-level ecohydrology of Hawaiian mesic and wet forests. 
This study explores how vegetation and soil characteristics affect infiltration capacity across 
mesic and wet forest communities and along a 4 myr substrate age gradient. To explore the 
ecohydrological effect of plant and animal invasion in these communities, we sampled multiple 
fenced (i.e., ungulate-free)/unfenced and native/invaded forests along moisture and substrate 
age gradients across the islands of Hawai‘i and Kaua‘i. Within these forests we characterized 
forest composition and structure and soil characteristics to assess the direct and vegetation-
mediated effects of invasive species on soil infiltration capacity. This study explicitly examines 
the influence of invasive plants and animals, forest structure, and substrate age on water 
infiltration capacity across Hawaiian forests that are critical to maintaining healthy watershed 
function. 
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METHODS 

We measured numerous ecological, environmental, and physical characteristics previously 
documented to influence infiltration capacity at the local scale (Figure 1).  

Figure 1. Conceptual diagram of the breakdown of factors measured in this study to investigate 
how ecological, environmental, and physical characteristics of a site influence infiltration 
capacity.  

Study Design 
We developed a paired site sampling regime to directly measure differences among native and 
invaded forests (N/I sites) and fenced and ungulate damaged unfenced forests (F/U sites) 
across mesic and wet environments on Hawai‘i and Kaua‘i islands. To minimize the influence of 
unmeasured variables in these comparisons, N/I sites and F/U sites were always placed near 
each other. We define each management treatment below: 

Native sites: A majority (>50%) of cover of both overstory and understory layers are native. 
For this study we focused on forest sites with the tree canopy dominated by ‘ōhi‘a, Metrosideros 
polymorpha, or ‘ōhi‘a/koa, Acacia koa. 

Invaded sites: Majority of understory cover either strawberry guava, Psidium cattleianum, 
Himalayan ginger, Hedychium gardnerianum, or non-native grasses. Tree canopy was 
dominated by ‘ōhi‘a, ‘ōhi‘a/koa, or strawberry guava. 
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Fenced ungulate-free sites: Majorities (>50%) of both canopy and understory layers are 
dominated by native species with the tree canopy dominated by ‘ōhi‘a or ‘ōhi‘a/koa. Areas 
within fences contain no sign of ungulate damage. To the authors’ knowledge, all fenced sites 
had been ungulate-free for at least five years at the time they were sampled. 

Unfenced ungulate-damaged sites: Same forest composition as listed above, but in unfenced 
areas with clear signs of ungulate damage (rooting, trails, etc.). Given the distribution of 
ungulates across the islands of Hawai‘i and Kaua‘i in the areas we sampled, most ungulate 
damage in the forests we sampled was likely caused by non-native feral pigs (Sus scrofa). 

These four types of sites represent the management treatments considered in our analysis. No 
interaction between treatments were considered (e.g., fenced native vs. unfenced native sites) 
given the challenges in site selection (see below) and many rare or impossible interactions 
(e.g., fenced invaded sites). Additionally, we wanted to identify possible distinctions between 
effects of invasive plants and ungulates on forests in Hawaii; the interactive effects of invasive 
plants and ungulates has been well-documented in Hawaii (Leopold and Hess 2017). Instead, 
all native/invaded site pairs were located in unfenced areas, except for sites within Hawai‘i 
Volcanoes National Park (Nāhuku, Kīpuka Puaulu, Kīpuka Kī). 

Sampling along substrate age and moisture gradients 
To ensure our efforts were relevant to the wider Hawaiian landscape, we attempted to replicate 
N/I and F/U site pairs across the clear substrate age and moisture gradients that have been 
shown to shape vegetation and soil patterns across the state (Kitayama et al. 1995, Asner and 
Vitousek 2005). Furthermore, given a focus on mesic and wet forests, only areas with a greater 
than 50% canopy cover were considered. To select candidate areas across mesic and wet 
forests, we used the Price et al. (2007) moisture zone map available for the entire state. We 
excluded areas in the dry moisture zone as they contribute little to statewide rain catchment, 
and also have very few native and ungulate-free managed areas. Sites spanned a precipitation 
gradient of 1658 to 6218 mm/year. 

We subdivided the landscape into three substrate age classes (young/medium/old) based on 
U.S. Geological Survey (USGS) geology maps for the state (Sherrod et al. 2007). These age 
cutoffs were specific to moisture zone to account for the moisture-related differential rate of soil 
development (Chadwick et al. 1999; Table 1). For wet forests, the young substrate age class 
spanned 0–10K years; the medium age spanned 10–30K years; and the old substrate age class 
spanned all soil >30K years old. For mesic forests, the young substrate age class also spanned 
0–10K years; the medium age spanned 10–140K years; and the old substrate age class 
spanned all soil >140K years old. The young substrate age class encompasses a spectrum of 
soil development conditions as this age group is still largely affected by the high variability of 
lava flow topology and deposition of fine-grained tephra. The medium to old substrate cutoff 
represents the start of greater clay concentration and higher heterogeneity in soil that affects 
water retention and allows for lateral water movement such as lateral pan formation.  
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Table 1. Moisture zone dependent substrate age categories 
Forest type Forest age category 

Young Medium Old 

Wet forests 0–10K 10–30K >30K 

Mesic forests 0–10K 10–140K >140K 

* K indicates 1,000 years

Site selection 
We created a structured site selection process across Hawai‘i and Kaua‘i islands to ensure full 
consideration of all relevant factors beyond moisture zone and substrate age given the complex 
nature of our site criteria: 

Habitat quality map (Price et al. 2007): This dataset was used to exclude highly 
degraded and unvegetated areas from our analysis. 

‘Too young’ substrate map (Price et al. 2007): This dataset was used to exclude very 
young primary succession areas with little soil and vegetation. 

Forested areas (Jacobi et al. 2017): This layer was used to exclude non-forested areas 
from consideration. 

Fenced areas: Compiled with assistance from project cooperators, this layer indicated 
all fenced areas across Hawai‘i and Kaua‘i islands and was used to identify candidate 
sites with/without ungulate damage. 

500 m road buffer: This layer was used to exclude areas far from road access, given 
the logistics of carrying field equipment. 

From this GIS (geographic information systems) analysis, numerous candidate sites were 
identified. To narrow our selection further, we removed areas with >30% slope from 
consideration because our infiltration methods required relatively flat ground for measurements. 
We reviewed candidate sites with land management partners and evaluated suitability using 
Pictometry® (EagleView Technologies Inc., Rochester, NY, USA) aerial imagery. Lastly, we 
visited and evaluated over 100 potential study sites to ensure suitability for infiltration 
measurements (minimum soil depth of 5 cm), minimum stand size (>20 m radius), and 
vegetation characteristics matching our four treatments described above (Figure 2). All sites 
were named according to their moisture zone, substrate age, management status, and site pair 
number (e.g., WYF1/WYU1 are the first paired fenced/unfenced site in wet young substrate 
areas). 

Sites and plot sampling design 
Within each site in a given site pair, 17 plots were selected where we measured infiltration 
capacity, vegetation, soil, and other local environmental characteristics. The number of plots 
per site was determined by a power analysis using previously collected infiltration data from 
other sites in Hawaii (Perkins et al. 2018). 
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Figure 2. Candidate study sites (red dots) and 39 final study sites (yellow stars) across Hawai‘i 
(far right) and Kaua‘i (left inset) islands. Landsat-7 image courtesy of the U.S. Geological 
Survey. 

The 17 plots were placed in a radial design where, besides the plot at site center, two plots 
were placed along each of eight cardinal and intercardinal directions along a radius of 15 or 
20 m (Figure 3). Radius size was dependent on stand size, and spacing of plots along the radius 
was calculated to ensure at least a 6.5 m distance among plots. In a few sites, because of the 
irregular shape of some measured forest stands, plots had to be relocated from one radius to 
another to avoid plots too close to the forest edge (Appendix I). Contrary to past studies that 
typically use convenience sampling when measuring infiltration, we used this radial sampling 
design to minimize potential bias in our plot locations. While infiltration measurements can vary 
widely over very short distances (Gupta et al. 2006), we tested for spatial autocorrelation 
among plots by comparing variability of nearby plots to variability across all plots within a site. 
These analyses confirmed that our infiltration measurements were independent. Additionally, in 
subsequent analyses, we included site as a factor in our models to ensure we accounted for any 
site-specific sources of variability. 

At each plot within a site, independent measurements were made including: (1) infiltration 
measurements; (2) soil hydrophobicity measurements; (3) compositional and structural 
vegetation surveys; (4) hemispherical photography-based canopy structural assessments; (5) 
ungulate damage surveys; (6) soil organic matter, particle size, and depth assessments; and (7) 
weather conditions. Each of these measurements and surveys are detailed below in Table 2. 
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Figure 3. Site pair illustration with each site containing 17 plots. All soil and vegetation related 
measurements occurred at the plot level. 

Table 2. List of variables measured at each site. Description of variables is provided in methods 
below. 
Variable Variable type Measurement scale 

Treatment: Native/invasive - Site 

Treatment: Fenced/unfenced - Site 

Site moisture zone Climate Site 

Site substrate age Soil Site 

Percent sand Soil Site 

Percent silt Soil Site 

Percent clay Soil Site 

Soil organic matter (lab) Soil Site 

Field-saturated conductivity: Kfs Soil Plot 

Soil depth Soil Plot 

Soil organic matter (expert estimate) Soil Plot 

Soil large roots (expert estimate) Soil Plot 
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Ungulate damage (expert estimate) Ungulate damage survey Plot 

Ungulate damage (quadrat estimate) Ungulate damage survey Plot 

Number of gaps in full canopy Hemispherical images Plot 

Gap fraction of full canopy Hemispherical images Plot 

Number of gaps directly above plot Hemispherical images Plot 

Gap fraction directly above plot Hemispherical images Plot 

Total cover at 1 m height Vegetation survey Plot 

Densiometer cover Vegetation survey Plot 

Canopy cover Vegetation survey Plot 

Relative canopy native tree cover Vegetation survey Plot 

Proportion of ohia in canopy native tree cover Vegetation survey Plot 

Understory woody cover Vegetation survey Plot 

Relative understory native woody cover Vegetation survey Plot 

Understory fern cover Vegetation survey Plot 

Litter cover Vegetation survey Plot 

Bare soil cover Vegetation survey Plot 

Current weather Weather Plot 

Past weather Weather Plot 

Because of the expected influence of the immediate surrounding environment on infiltration, 
which is the focus of our research project, nearly all other measurements and surveys were 
done within a 3-meter radius from plot center. Special use permits were acquired prior to 
conducting research activities. 

Infiltration measurements  
To reduce the influence of soil disturbance from field team activities, infiltration rate in each of 
the plots was measured first. Infiltration capacity was assessed by measuring field-saturated 
hydraulic conductivity (Kfs)—a measure of the ability of water to move through soils. We used 
portable, falling-head, small-diameter (20 cm) single-ring infiltrometers that allow relatively 
rapid measurements (Nimmo et al. 2009). This method, which employs an analytical formula for 
Kfs, compensates for both variable falling head and subsurface radial spreading that 
unavoidably occurs with small infiltrometer ring size (Perkins et al. 2012). 
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To avoid subjective sampling bias, for Kfs measurements we installed an infiltrometer ring at 
the center of each plot. In a few cases when large rocks or roots were present, the infiltrometer 
was offset as little as possible from plot center. We inserted infiltrometer rings 5 cm into the soil 
by pounding them evenly across the rim. When necessary, we cut roots around the infiltrometer 
rings to avoid disruption to the soil within the ring insertion area. After installation, the litter 
layer within the ring was removed and the height of the infiltrometer above ground was 
measured on four locations around the ring to calculate infiltrometer depth.  

We made three sets of measurements to estimate Kfs at each plot. The first two sets of 
measurements were done by pouring 1 L of water (equivalent to 6.4 mm of precipitation, in 
total) into the infiltration ring and measuring the time necessary for the water to be fully 
infiltrated into the soil. The third measurement set, done shortly after the first two, was made 
by pouring 2 L of water into the infiltrometer and then measuring the depth of water inside the 
infiltrometer at set 30 second intervals since pour. For these depth by time measurements, at 
plots where infiltration rates were slow (i.e., the preceding 1 L measurements took >10 min), 
we deployed automated camera systems to monitor depth changes over time that allowed us to 
conduct multiple infiltration measurements at once (Appendix II). In a few plots where 
infiltration was extremely fast, the third measurement set was also similar to the first two where 
we timed how long it was required for 2 L of water to be fully infiltrated into the soil. In total, at 
each plot we used 4 L of water for infiltration measurements. 

We used the mean value from the last two measurements of the 2 L infiltration test taken at 
each plot to estimate Kfs. However, when necessary we excluded the last measurement as it 
often had a higher measurement error associated with measuring water depth as it neared 
irregular soil surfaces below (Appendix III). In these cases, we used the second and third last 
measurements. Kfs was calculated following the approach by Nimmo et al. (2009) where we 
used these measurements along with dimensions and geometry of the infiltrometer and depth 
of soil penetration to estimate Kfs for each pour.  

Hydrophobicity and preferential flow 
Hydrophobicity, which causes water to collect on the soil surface rather than infiltrating into the 
ground, is a notable influence on water flux through Hawaiian forest soils (Perkins et al. 2014) 
and is strongly affected by plant exudates and residues. We measured soil hydrophobicity using 
molarity of ethanol droplet tests (Doerr 1998, Perkins et al. 2012). The test uses the speed of 
absorption of water droplets with varying ethanol concentrations as a metric for hydrophobicity. 
Ethanol concentrations used included 0, 3, 5, 8.5, 13, 24, and 36 percent by volume. Following 
Perkins et al. (2012), we used a coarse rating scale of 0 to 3 to assess preferential flow by 
examining the pattern of dry vs. wetted soil within the infiltration ring after the infiltration 
measurements. A rating of 0 indicates no preferential flow (uniform, symmetric wetted pattern), 
1 is slightly preferential (irregularly shaped wetted pattern), 2 is moderately preferential (with 
one or more isolated wetted areas distinct from main wetted area), and 3 is highly preferential 
(multiple isolated wetted areas with no obvious main one). Due to relatively wet field 
conditions, both hydrophobicity and preferential flow measurements were challenging to 
perform and showed little variation across all plots in the study.  

Compositional and structural vegetation survey 
We recorded total cover at each plot using both a densiometer and expert ocular estimates. All 
ocular assessments were done by the same observer throughout the study. We used the 
densiometer readings to ensure a standardized assessment of vegetation cover. Total cover 
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above the forest floor (1 m height) was estimated using the common method of averaging four 
individual densiometer readings per plot, with one facing each cardinal direction (Lemmon 
1956). These measurements were used to anchor all subsequent cover estimates. We devised a 
rapid assessment ocular method to characterize forest structure and composition within a 3-m 
radius area around the plot center. In this assessment, the forest was divided into three strata 
that were evaluated separately: forest floor, understory, and canopy. The forest floor layer 
included all vegetation up to a height of 1 m. To avoid separately estimating partial cover of 
plants with foliage both below and above a height of 1 m, plants with live foliage starting below 
1 m height were entirely included within the forest floor layer. This made the assessment of 
cover much easier and adaptable to differing conditions and mostly affected cover estimates of 
the climbing fern, uluhe (Dicranopteris sp.), and Himalayan ginger. The understory layer 
extended from the top of the forest floor layer (1 m) to the top of the hāpu‘u ferns (tree ferns, 
Cibotium spp.) or 5 m height when these were not present. The canopy layer extended from 
the top of the hāpu‘u (or 5 m height) to the tallest tree crowns.  

Within each of these strata, the absolute and proportional cover of woody, herbaceous, and 
fern cover was visually assessed. For each of these broad plant types, the relative dominance of 
native/invasive species was also evaluated. Individual cover estimates for dominant 
native/invasive forest species thought to considerably influence forest structure (and 
consequently infiltration) were also recorded (e.g., ‘ōhi‘a, uluhe, hāpu‘u, Himalayan ginger, 
strawberry guava). Over 55 different forest structure indices were collected and further derived 
from these vegetation surveys (Appendix IV).  

Hemispherical photography-based canopy structural assessment  
Hemispherical photographs were taken as another method to independently estimate total 
canopy cover at each plot. A tripod was placed 1 m above plot center and 5–7 photographs 
were taken ranging from either a -2 to +2, or -3 to +3 exposure bracketing using a DSLR 
camera and fish-eye lens set to f16, ISO400, and auto-focus. We aimed to take photos when 
cloud cover was greatest and did not photograph during 1100–1300 HST to reduce overhead 
sunlight and glare. 

To identify the optimal exposure for each site, we created a total exposure index (‘sum of 
Fstops’) to integrate differences in shutter speed, aperture, and ISO, all of which can influence 
canopy gap analyses. We then used a custom routine to determine at which exposure level 
there was an inflection in the number of gaps across plots in a site. This was necessary because 
across the multiple exposures for a plot, if an image is too dark, small gaps ‘disappear’ from the 
image; if the total exposure is too light, gaps merge into one another (Beckschäfer 2015; see 
Appendix V for an example). We estimated the sum of Fstop exposure index at this inflection 
point for each plot and then averaged it at the site level. Then, the image closest to the 
average exposure index was used in further analyses for each plot within a given site. To 
coincide with plot measurements of vegetation cover and ungulate damage, hemispherical 
photos were cropped to a 3-m radius with an assumed canopy height of 20 m across all plots. 
Canopy gap area, number of gaps, and fraction of total canopy as gap was calculated for both 
full and cropped photos using program Hemispherical 2.0 (Beckschäfer 2015). 

Ungulate damage surveys 
We recorded two indicators of ungulate disturbance at each plot: objective and expert 
estimates. Indices of disturbance within the plot were recorded loosely following methods 
described by Stone et al. (1991). Our objective estimate was based on the number of quadrants 
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within a 3-m radius from plot center, excluding a 0.5-m center radius (see Figure 4), that 
exhibited signs of ungulate disturbance varying from 0 (no sign) to 4 (ungulate sign within all 
four quadrants). Our second disturbance estimate was based on an expert assessment of the 
wider surrounding plot area, utilizing a 1–4 scale (1—none, 2—slight, 3—moderate, 4—high). 
These were done by the same observer throughout the study. 

Figure 4. Diagram of quadrant-based assessment of ungulate disturbance at each plot. While 
standing at the center of the plot, an observer recorded whether ungulate disturbance was 
visible between 0.5-m (y) and 3-m (z) radius within a quadrant of the plot. Plot disturbance was 
recorded 0–4 for each plot, with 0 indicating no recorded disturbance, and 4 indicating 
disturbance observed within all quadrants. 

Soil surveys and sampling 
Expert-based soil surveys were conducted at each plot. After the removal of the litter layer, an 
observer recorded soil dryness on a 1–5 scale (1 = very dry, 5 = saturated), and soil organic 
matter as the proportion of soil volume within the infiltration ring composed of dead organic 
matter and plant roots. These ocular estimates were done by the same observer throughout the 
study. Soil depth was measured in cm at the site of infiltration measurements using a probe 
with measurements up to a maximum of 120 cm. A garden trowel was used to collect 240–
480 mL of soil below the litter layer down to approximately 5 cm depth at each plot. Samples 
were collected either directly beneath or to the right of soil collars, and below the root layer 
when present. Fine roots were avoided. Collection occurred after water infiltration 
measurements were complete, and samples were refrigerated until analysis. Soil samples from 
each plot were sieved and thoroughly stirred to create a homogenous sample and oven-dried at 
35°C until weight stabilized. Approximately 30 mL of soil volume were collected from each 
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sample and combined at the site level. Combined soil samples were submitted to a diagnostic 
laboratory to determine the proportion of sand, silt, and clay. All 39 sites were analyzed. Four 
samples were used completely during this process and not available for further analyses: WOI2, 
WON2, WOF2, WOU2. After soil composition analysis, samples were analyzed to determine 
organic matter content. Approximately 30 g of soil from each sample was sieved to 2 mm to 
homogenize samples and eliminate large organic matter objects, dried overnight at 100°C, and 
weighed. Soils were then ashed at 500°C for at least 12 hours and re-weighed. The proportion 
of organic matter in the soil was calculated by subtracting ashed-weight from dry weight and 
dividing by the dry soil weight. To minimize error, the process was repeated, and the average 
proportion of organic matter was recorded. 

Weather conditions 
Basic weather condition data were recorded at each plot. Past weather was recorded on a 1–5 
scale, ranging from 1 = much drier than usual, and 5 = much wetter. Current rain, cloud cover, 
and wind conditions were also recorded. Rain and current and past weather conditions can 
influence infiltration and hydrophobicity measurements (Tricker 1981, Cerdà 1996). These 
ocular estimates were done by the same observer throughout the study. 

Data processing 
Nearly all field data were collected using customized mobile apps for each type of dataset 
described above. All surveys were developed using survey123 and integrated into ArcGIS 
Online. This provided multiple benefits including real-time data quality check during collection, 
dynamic surveys with conditional questions that minimized the number of missed data entries, 
improvements in surveys over time, and the development of data processing and analytical 
workflows simultaneously with data collection.  

Because each data point generated is associated with a collector, date, time, and location, each 
collected variable was checked for minimum and maximum values, distribution, collection date 
and time, and location of data entry. This allowed for the identification and correction of a few 
site/plot mislabels and measurements of different units (e.g., cm and mm).  

We employed some gap-filling routines to address missing data, specifically useful for our 
modeling of Kfs. Due to the large number of datasets collected at each plot, invariably a few 
data observations were missed, or data entry errors could not be reconciled. Because some 
modeling approaches require complete observations for each plot considered, excluding entire 
plots from the analysis when 1 of >60 candidate predictor variables were missing would be too 
onerous. Instead, we developed a simple gap-filling routine to interpolate the few missing data 
points.  

Given a >0.8 correlation between quadrat and expert based ungulate damage assessment, we 
used quadrat-based estimates to fill missing expert estimates from 18 plots (2.7% of the data). 
Estimates of canopy gap fraction associated with hemispherical photos were missing for 23 
plots due to multiple reasons (missing data, improper camera configurations, poor image 
quality). For these plots, we generated a linear model relating gap fraction to densiometer 
cover, and then used our available densiometer cover estimates to fill the missing values (3.4% 
of the data). Similarly, because of the lack of enough soil samples, lab-measured soil organic 
matter (SOM) was missing for 4 of our 19 sites. To fill these gaps, we created a linear model 
between lab-based SOM and expert-based SOM estimates and interpolated missing values. For 
all other variables, if for any given site there were fewer than five plots with missing data, we 
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replaced the missing values with the mean value across all plots in the site. In practice, this led 
to a very small number of substitutions (60 data points, or ~0.1% of the dataset). 

Data analysis and modeling 
Correlations     To identify which local environmental factors correlated consistently with our 
primary measure of infiltration capacity, Kfs, we focused on identifying consistent correlations 
across landscape classes and management treatments. Hence for each factor considered, we 
evaluated the direction of correlation across all plots, across moisture zones, and substrate age 
in a total of six correlation tests. 

Kfs regression models      Following our correlation analysis above, we developed regression 
models to best understand the relative importance and interaction between the variables 
associated with Kfs across mesic and wet Hawaiian forests. We used a linear forward and 
backwards stepwise model fitting procedure to construct a parsimonious model from the large 
set of vegetation, soil, and landscape level potential predictors of Kfs. 

To reduce collinearity in our model fits, the first step in creating our models was to reduce the 
number of candidate predictor variables by removing highly correlated variables and variables 
that had little or no correlation to our dependent variable in the correlation analyses above. 
Additionally, island and substrate age categorical variables were merged into a single 
categorical variable because Kaua‘i Island sites only contained old substrate but seemed to 
represent overall environmental conditions and Kfs values different from Hawai‘i Island old 
substrate sites. We merged silt and clay soil content variables by adding their combined percent 
content after discovering that the particle size analysis method used likely underestimated the 
percent clay content, particularly in the Hawai‘i Island sites. From the 86 variables available, we 
limited our models to consider 33 candidate predictor variables. A table listing each candidate 
predictor variable, along with their description and expected effects on infiltration capacity is 
included in Appendix VI.  

Prior to modeling we attempted to transform each candidate predictor variable using an 
approach that yields the most normalized data distribution (Peterson and Cavanaugh 2019). For 
each variable, we considered multiple transformations (log, square root, arcsin, exponential, 
Lambert, Box Cox, and Yeo-Johnson) and used repeated cross-validation to estimate the out-of-
sample performance of each transformation. Appendix VII shows an example comparison 
between untransformed and transformed predictors using the approach described by Peterson 
and Cavanaugh (2019), and Appendix VIII lists how each candidate predictor variable was 
transformed.  

All data processing and analysis steps were done programmatically and directly from the raw 
data collected using the R statistical programming environment. All datasets collected for this 
study are publicly available (Fortini et al. 2020).  

RESULTS 

A total of 39 sites were sampled, including 663 plots (Figure 2; Appendix IX), representing 19 
site pairs across substrate age and moisture conditions (and one fenced site where access to its 
corresponding unfenced site was not possible). All plots were measured between the period of 
July and December 2017 to avoid the wettest part of the wet season in the state. Due to limited 
access across the island, sites in Kaua‘i were spatially clustered on the Alaka‘i plateau. 
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How Do Direct and Indirect Effects of Invasive Animals and Plants Lead to Changes 
in Forest Ecohydrology? 
Many variables correlate well and consistently with Kfs across all plots and when subdivided by 
moisture zone, substrate age, or management treatment categories (Table 3). Regarding 
invasive-related factors, both estimates of ungulate damage were consistently and negatively 
associated with Kfs (Figure 5). Additionally, several other vegetation variables that showed 
some degree of correlation with Kfs seem indicative of differing degrees of ungulate damage 
(e.g., native herbaceous cover in forest floor). In terms of correlates with native/invasive plant 
variables, proportion of invasive grass in floor herb cover was consistently negatively correlated 
with Kfs, and ‘ōhi‘a canopy cover was consistently positively related to Kfs. Surprisingly, 
Himalayan ginger cover was consistently positively related to higher infiltration capacity, likely 
due to higher preferential flow channels created by ginger rhizomes. 

Table 3. Consistent correlations between plot-level log Kfs and vegetation and soil 
characteristics. Only variables that had at least 5 of 6 correlations agreeing in direction are 
presented. * denotes statistical significance at P ≤ 0.05. 
Variable All Mesic Wet Young Medium Old 

Soil organic matter expert estimate 0.33* 0.19* 0.39* 0.22* 0.34* 0.50* 

Soil conditions -0.33* -0.07 -0.46* -0.42* -0.22* -0.40*

-0.19* -0.37* -0.14* -0.27* -0.29* -0.15*

0.26* 0.30* 0.28* 0.14* 0.19* 0.28* 

0.23* 0.10 0.30* 0.10 0.29* 0.27* 

0.20* -0.05 0.33* 0.06 0.31* 0.29* 

-0.21* 0.12 -0.29* -0.32* -0.19* -0.23*

0.20* -0.06 0.30* 0.27* 0.04 0.31* 

0.16* -0.12 0.28* 0.15* 0.04 0.27* 

0.21* -0.05 0.26* 0.10 0.27 0.18* 

0.15* 0.18 0.18* 0.26* NA 0.16 

-0.16* 0.04 -0.19* -0.26* -0.09 -0.10

Wider ungulate damage ocular 
estimate 

Percent litter cover 

Absolute total woody cover 

Absolute total native woody 

Past weather 

‘Ōhi‘a cover in canopy 

Native tree cover in canopy 

Native herbaceous cover in forest 
floor 

Ginger cover in forest floor 

Current rain conditions 

Densiometer canopy cover 0.04 0.11 0.01 -0.14* 0.11 0.21*

Generally accepted correlation values are as follows: weak correlation values (positive or 
negative) range from 0.1–0.3; moderate correlation values from 0.3–0.5; and strong correlation 
values are those >0.5. 
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Figure 5. Ungulate damage (based on a 1–4 scale: 1—none, 2—slightly disturbed, 3—disturbed, 
4—very disturbed) was consistently negatively associated with Kfs across landscape classes and 
management regimes, but in general correlation (R) was weak. *P < 0.1, **P < 0.05, ***P < 
0.01. Associations across a) all data, b) moisture zones, and c) substrate age. Shaded areas 
represent the 95% confidence interval of the linear fit between variables. 

Beyond native/invasive effects, we found several consistently positive correlations between Kfs 
and vegetation cover, including total woody cover (Figure 6). While ‘ōhi‘a canopy cover, native 
canopy cover, and total native woody cover were consistently and positively related to Kfs, total 
woody cover, gap fraction, and densiometer cover were also positively related to Kfs. Taken 
together, results indicate woody cover generally enhances local infiltration capacity, regardless 
of species composition or native/invasive status.  

Figure 6. Percent total woody cover was consistently positively correlated to Kfs. *P < 0.1, 
**P < 0.05, ***P < 0.01. Associations across a) all data, b) moisture zones, and c) substrate 
age. Shaded areas represent the 95% confidence interval of the linear fit between variables. 
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Soil characteristics were consistently correlated to Kfs. Greater percent litter cover and SOM 
were associated with higher Kfs (Figure 7). Several variables describing current and past 
weather conditions were consistently negatively correlated with Kfs, showing that if it had 
recently rained or was wetter than usual, Kfs tended to be lower. This reflects the known effect 
of moisture regime at the time of infiltration measurement and lends support for using paired 
sampling and other methods to minimize differences in measurement conditions in our study.  

Figure 7. Percent soil organic matter was consistently correlated to Kfs across landscape 
classes. *P < 0.1, **P < 0.05, ***P < 0.01. Associations across a) all data, b) moisture zones, 
and c) substrate age. Shaded areas represent the 95% confidence interval of the linear fit 
between variables. 

We found a high correlation (R = 0.773) between densiometer and ocular total cover estimates 
despite the fact that ocular estimates included only a 3-m radius area, whereas densiometer 
estimates included a wider canopy area. This correlation indicates optical estimates were 
adequate for estimating fractional cover across our plots. Quadrat and expert ungulate 
disturbance assessments were also strongly correlated (R = 0.867), indicating that optical 
expert estimates were representative of plot-level ungulate damage. Correlation between expert 
and lab-based SOM values was moderately strong (R = 0.51). Because ocular estimates were 
collected for each plot and were generally highly correlated with other more quantitative 
methods, we opted to use ocular estimates of canopy cover and SOM variables as predictors in 
modeling efforts and did not further consider densiometer or lab-based data. This approach also 
helped reduce the high collinearity in our dataset.  

Kfs regression models  
The final model for Kfs explains about 40% of Kfs variation and is highly statistically significant 
(F14, 648= 25.34, P < 0.001; Figure 8). We further parameterized a mixed effect model with plot 
pair as a random factor to account for the potential effect of site in our model. Comparison of 
models with and without the random factor showed plot pair did not improve model fit using  
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Figure 8. Actual vs. modeled log-transformed Kfs (mm/hr) based on final stepwise fitted model. 

Akaike information criterion (AIC) values (Burnham and Anderson 2002), and therefore was not 
explored further. 

Results show Kfs varies in relation to several vegetation, site, and soil related variables 
(Table 4). The sign of most regression coefficients matches our expectations with relation to 
Kfs. For instance, SOM, canopy cover, and presence of large roots were all positively related 
with Kfs, while ungulate damage and site slope were negatively related to Kfs. While the final 
model corroborates the effect of ungulates on infiltration capacity, only a few native/invasive 
predictors help explain Kfs variation. Grass cover was found to have a negative effect on Kfs 
whereas ‘ōhi‘a canopy cover had a positive effect on infiltration capacity. While Himalayan 
ginger was cover positively correlated to Kfs in previous analyses, it was not a significant factor 
in our final model. Surprisingly, native woody cover at the forest floor had a small but 
statistically significant negative effect on Kfs.  
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Table 4. Stepwise linear regression variables in the final model, their coefficients, relative 
importance in the model, and statistical significance. Variables are sorted by descending order 
of importance. Variable importance is a measure of each model variable’s influence relative to 
the null model. Pr(>|t|) is the p-value for the two-tailed t-test of the distribution for each 
variable. 

Variable Coefficient Variable 
importance 

Pr(>|t|) 

Soil organic matter (expert estimate) 0.44 5.42 <0.001 

Island age: Hawai‘i old 1.60 5.27 <0.001 

Ungulate damage (expert estimate) -0.39 4.43 <0.001 

Soil conditions -0.43 4.34 <0.001 

Island age: Hawai‘i medium -1.12 4.01 <0.001 

Absolute grass cover on forest floor -0.38 3.78 <0.001 

Site ash layer present 0.92 3.36 <0.01 

Absolute native woody cover on forest 
floor 

-0.28 3.29 <0.01 

Island age: Kaua‘i old 0.78 2.65 <0.01 

Large roots (expert estimate) 0.01 2.59 0.010 

Site elevation 0.26 2.27 0.024 

Absolute ‘ōhi‘a canopy cover 0.01 2.22 0.027 

Absolute forest floor cover 0.19 2.16 0.031 

Absolute woody cover on understory 0.17 2.06 0.040 

Site slope -0.21 2.04 0.042 

Soil depth 0.17 2.01 0.045 

Bare soil cover -0.15 1.88 0.061 

Absolute tree canopy cover 0.01 1.78 0.075 
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Older substrates were found to lead to higher Kfs in our final model. Additionally, several other 
factors in our Kfs model were related to soil characteristics: SOM, presence of recent ash layer, 
presence of large roots, and bare soil cover. While soil current conditions were factors shown to 
influence Kfs, mean annual precipitation was not a significant factor in the final model. 

We parameterized linear models including two-way interactions among predictors to explore if 
any meaningful interactions could further explain variation in Kfs. While the resulting model 
with interactions had an r2 close to 0.5 (R = 0.47), many interaction terms were of unclear 
biological interpretation, making the overall model with interactions much less useful for 
understanding drivers of Kfs and were not considered further. Lastly, to ensure our model 
results were not entirely driven by remaining collinearity between predictor variables, we also 
created a partial least square model and a ridge regression model that showed most relations 
we observed between Kfs and the stepwise linear model predictors were robust to collinearity. 

Modelled response of Kfs to vegetation and soil-related plot conditions 
Despite the strong correlations and statistically significant models relating Kfs to plot level 
variability in multiple vegetation and soil characteristics, we found no statistically significant 
site-level differences between fenced vs. unfenced or native vs. invaded sites. This was not only 
true when pooling all data together, but also when looking at data across moisture zones and 
substrate age (Appendix XI). In fact, controlling for moisture zone and substrate age potential 
differences in Kfs, analysis of variance (ANOVA) and linear mixed effect models (with site pair 
as random variable) showed no significant differences between native/invaded and 
fenced/unfenced sites. This lack of scaling of results from plot to site level is partly due to 
multiple factors in our model varying independently of one another across plots within each 
site, drowning out site-level effects. Hence, to explore the separate effect of individual predictor 
variables on Kfs, we analyzed the relation between the variability of individual predictor 
variables to Kfs variability in our final model. We constructed univariate response curves that 
show how Kfs values change by varying a single predictor at a time, while holding all other 
predictor values constant at their median value. All else held constant, current soil conditions, 
total canopy cover, ungulate damage, SOM, and site slope were the continuous predictors that 
led to the widest variation in Kfs rates in our models (Appendix XII). We also generated 
bivariate response curves that illustrated the combined effects of predictor variable pairs and 
their interactions (Figure 9, Appendix XIII). 
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Figure 9. Bivariate response curve showing the effect of ungulate damage and invasive grass 
cover on log-transformed values of Kfs with all other predictor variables held constant. Kfs in 
log (mm/hr); ungulate damage based on a 1–4 scale: 1—none, 2—slightly disturbed, 3—
disturbed, 4—very disturbed; invasive grass cover in percent cover.  

DISCUSSION 

The number of infiltration measurements collected during this study exceeds the entirety of all 
past infiltration measurements previously available for the state of Hawaii. Moreover, this study 
assesses water infiltration capacity in previously under-studied wet and mesic forested areas 
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that are most critical to groundwater supplies. The suite of environmental, vegetation, and soil 
characteristic data collected allowed us to systematically test how variables ranging from 
canopy cover to SOM influence infiltration capacity and to explore relations among these 
variables which was not previously possible. 

Median Kfs rates were generally very high (633 mm/hr) across the forests considered in our 
study. This value is three times larger than the mean Kfs rate of 203 mm/hr found for all 
previous measurements associated with tree and shrub vegetation in Hawaii (Perkins et al. 
2018). Geometric mean for Kfs for all past studies in Hawaiian grasslands or bare soil are more 
than an order of magnitude slower than our median values (50 and 13 mm/hr, grasslands and 
bare soil, respectively; Perkins et al. 2018). However, similar to previous studies, Kfs rates 
across our measured plots varied remarkably from 170 mm/hr to 2641 mm/hr (5 and 95 
percentiles, respectively). The effect of this large variability in infiltration rates on downstream 
flow warrants exploration with robust watershed models. We preliminarily explored this by 
parameterizing a soil and water assessment tool (SWAT) model (Neitsch et al. 2011) for one 
example watershed in Kaua‘i (Hanalei River watershed), where despite considering the large 
variability in Kfs observed across our study sites, the downstream effects were comparatively 
small (~9% change in streamflow; Appendix XIV). This model insensitivity to Kfs likely was 
driven by the fact that the precipitation values considered (spanning four years of 
measurements) were generally lower than the range of measured saturated hydraulic 
conductivity values. However, those findings are hard to contextualize given the limited spatial 
scope of the model (a single watershed) and the need to consider longer simulation periods 
that represent long-term climate regimes including large rainfall extremes. 

Past research indicates invasive plants and disturbance of vegetation and substrate by feral 
ungulates may have large effects on local and downstream water resources because of 
differences in water-use efficiency and soil-related effects (Giambelluca et al. 2007, 2008; 
Kagawa et al. 2009; Cavaleri et al. 2014; Strauch et al. 2016; Long et al. 2017; Litton and Cole 
2018). Other studies indicate that invasive species, both plant and animal, have altered whole-
watershed water balances (Giambelluca et al. 2007, 2008; Strauch et al. 2016, 2017), 
groundwater recharge (Engott 2011; Brauman et al. 2012, 2015), and led to downstream and 
near-shore ecological effects (Stock et al. 2011). Infiltration has been considered one way in 
which invasive species can alter water fluxes through Hawaiian forests; however, our findings 
support only a limited role by them in this process. 

Invasive vs. Native Plant Impacts on Infiltration 
In terms of invasive versus native plant impacts on forest infiltration, our results show mixed 
patterns. The negative effect of invasive grasses on infiltration capacity was clear and 
corroborates past studies in Hawaii that show grasslands have significantly lower soil hydraulic 
conductivity than native forest (Perkins et al. 2012). Matt-forming root systems of many 
invasive grass species present in Hawaiian forests can slow rates of infiltration and have shallow 
root systems that limit soil water storage to near-surface layers relative to deeper-rooted 
vegetation. Invasive grasses also compete directly with native seedlings in wet, mesic, and dry 
habitats across Hawaii (Anderson et al. 1992, Cabin et al. 2000, Yelenik et al. 2017), creating a 
positive feedback loop that can quickly modify forest structure and ecosystem function. 

‘Ōhi‘a canopy cover was a significant predictor of Kfs in our final model. It is important to note 
that this model links ‘ōhi‘a, a keystone species in Hawaiian forests (Mertelmeyer et al. 2019), to 
a function critical to watershed health. It is not clear if this relation between ‘ōhi‘a cover and 
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infiltration is driven by particular characteristics of ‘ōhi‘a rooting and canopy structure, or 
whether ‘ōhi‘a cover simply serves as an indicator of ecosystem integrity in our forest data and 
model. Because total woody canopy cover was also part of our final model, it indicates ‘ōhi‘a 
cover may have an effect on infiltration apart from overall canopy cover.  

Aside from this ‘ōhi‘a relation, across the forest floor, understory or canopy layers, we found no 
infiltration association to other woody native/invasive indicators except an unexpected negative 
relationship between Kfs and native woody cover on the forest floor. This can likely be partially 
explained by native-dominated forests generally having more open forest floors and 
understories. Broad attention has been given to the potential ecosystem effects of strawberry 
guava invasion on native forests (Diong 1982, Smith 1985, Takahashi et al. 2011, Strauch et al. 
2016). While it was challenging to find extremely invaded strawberry guava stands next to 
native-dominated stands for comparisons (see study limitations below), it was still surprising to 
find no clear effects of this species on localized infiltration capacity. Unfortunately, there are 
nearly no other studies that have explored native/invasive driven effects on forest infiltration to 
contextualize these findings. Recent paired site-level infiltration measurements of 
native/invasive forest species revealed no clear differences within forest areas but indicate 
possible differences between a grassland site and a koa stand with grass understory site 
(Kennedy et al. 2019). 

Beyond the limited differences in woody native/invasive driven forest infiltration described 
above, our findings illustrate several unexpected effects of invasive plants on forest infiltration 
capacity. For instance, while Himalayan ginger cover was not part of our final model, it was 
consistently positively correlated with increased infiltration capacity in our study, likely because 
of its large and dense rhizomatous root system and large inputs of leaf litter that could increase 
soil organic matter content. To further support this effect, the presence of large roots 
(regardless of plant species) was also a predictor for increased infiltration capacity in our final 
model. Large roots can provide preferential flow for water to move quickly through soil. While 
the presence of Himalayan ginger enhanced infiltration locally, its wider ecological effects are 
dramatic and include competition effectively excluding native woody species recruitment 
(Gardner and Davis 1982, Minden et al. 2010).  

Despite the few clear and significant links between native/invasive plant dominance on local soil 
infiltration capacity, it is important to recognize how invasion may change some of the forest 
structure characteristics that our model associated with infiltration capacity. As canopy cover, 
forest floor cover, woody understory cover, bare soil, and soil organic matter are some of the 
determinants of infiltration capacity based on our model of Kfs, there are scenarios of plant 
invasion that can drastically affect these forest structure characteristics and consequently 
infiltration. For instance, competition with understory invasive plants has been linked to 
exposed soil surfaces (Allison and Vitousek 2004, Nanko et al. 2015). Because of the expected 
species-specific differences in below- and above-ground structure, and consequently infiltration, 
our study focused on plots that contained a small but important number of native and invasive 
plants. Nevertheless, a nearly infinite number of species-focused native/invasive comparisons 
are possible across the islands. Perhaps a more tractable future approach would be to focus 
comparisons on identifying the primary mechanisms by which invasion can affect above- and 
below-ground forest structure and then sample sites according to structural differences and 
plant traits irrespective of species. Lastly, it is important to remember that the wider issue of 
invasive driven differences to water yields of forests is not driven only by soil infiltration. Past 
work has found that strawberry guava-dominated sites reduced streamflow in a wet forest 
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environment (Strauch et al. 2017). Invasion of Hawaiian wet forests, specifically by strawberry 
guava, was shown to reduce precipitation available for groundwater recharge due to reduced 
cloud water interception (Takahashi et al. 2011). 

Alternatively, the generally weak effects of invasive species on forest infiltration capacity could 
be considered as partial evidence for their limited role in defining water fluxes through Hawaiian 
forests. This would not be surprising because research has shown many ecosystem properties 
in Hawaii are not clearly dependent on native/non-native status (D’Antonio et al. 2017). For 
instance, with regards to litter cover or SOM, while it can be true that invasive species are more 
nutrient-use inefficient and have leaf litter with high nitrogen that decomposes faster, this is 
certainly not always the case (Funk and Vitousek 2007). This may be especially relevant on 
Hawai‘i Island which is more nutrient limited and tends to have invaders with similar leaf traits 
to native species. More broadly, in wet and mesic habitats, invaders and natives tend to be 
fairly similar from a functional perspective (Henn et al. 2019), and it is only in more arid 
environments that grasses, which are trait-wise quite different than native woody species, 
become more prevalent thus potentially leading to larger changes in ecosystem properties such 
as SOM, water infiltration, or transpiration. One exception to this pattern may be in mesic 
habitats that are currently degraded pasture sites where grasses keep native trees from 
reestablishing (Yelenik et al. 2017). In these sites, SOM tends to be lower under grasses than 
forest/restored forest areas.  

Direct and Indirect Impacts of Ungulates on Infiltration 
Our results indicate that ungulate disturbance clearly negatively affected infiltration capacity. 
This was expected as ungulates are known to disrupt soil structure, affect soil aggregate 
stability (Beever et al. 2006), and compact soils (Vtorov 1993, Beever et al. 2006). In Hawaii, 
ungulates are known to cause soil disturbance through trampling, creating wallows, digging, 
and indirectly causing erosion by exposing soils during bioturbation activities (Stone 1985, 
Stone and Anderson 1988, Long et al. 2017). There is also a substantial amount of research 
documenting negative effects ungulates have on additional soil characteristics important for 
infiltration (Leopold and Hess 2017, Long et al. 2017). We expected that soil at different stages 
of development could be more susceptible to ungulate damage, but we were nevertheless 
surprised that the effect of ungulates on infiltration capacity was uniform and did not vary 
significantly with respect to substrate age.  

Beyond the direct importance of ungulate damage on local infiltration capacity, our final model 
indicates indirect effects of ungulates on infiltration capacity through other soil-related 
predictors to Kfs. For instance, bare soil cover, which is known to increase with ungulate 
disturbance, was negatively associated with Kfs (Cole et al. 2012). Disturbance causes soil 
particles to detach and fill pore space, reducing infiltration capacity and thus causing runoff 
events atypical for Hawaiian forests (Giambelluca et al. 2009). Additionally, when combined 
with the presence of ungulates that can cause soil compaction (Asner et al. 2004), the presence 
of bare soil can compound the reduction in infiltration capacity. We also found soil depth and 
soil organic matter were important predictors of infiltration capacity, both of which can be 
potentially affected by ungulate damage (Long et al. 2017). Lastly, a few forest structural 
indices such as woody understory cover and forest floor cover in our final model were 
consistently negatively correlated with ungulate damage, illustrating how increased ungulate 
damage could indirectly decrease Kfs by vegetation effects.  
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Our results indicate that both direct and indirect effects of ungulates negatively affect 
infiltration capacity across rainfall and substrate age gradients. These findings add to the body 
of evidence supporting the importance of ungulate control in Hawaiian forests. Besides the 
water-related effects of ungulates documented here and elsewhere, ungulates are known to (1) 
have clear herbivory effects on native plant species recruitment and survival, driving some of 
them closer to extinction (Spear and Chown 2009, Leopold and Hess 2017); (2) degrade forest 
bird habitat and facilitate local development of highly lethal avian malaria disease (Samuel et al. 
2011); and (3) help the spread of fungal diseases that are causing widespread mortality of 
‘ōhi‘a across Hawaiian forests by damaging tree roots and stems that provide sites for fungal 
inoculation (Fortini et al. 2019).  

Moisture effects on soil infiltration of forest soils 
We found no infiltration differences based on mean annual precipitation or moisture zone. We 
did expect that, within mesic and wet forest areas, higher moisture and precipitation would be 
associated with greater weathering and clay expansion in soils (Stewart et al. 2001). 
Consequently, we expected slower infiltration capacity under wetter versus mesic sites 
considered.  

Another reason for the lack of moisture-dependent differences in infiltration capacity may be 
that our study’s concentration on wet to mesic forests did not sufficiently capture the moisture 
gradient present across the Hawaiian Islands. Given generally lower rates of infiltration 
documented in drier areas in the state (Perkins et al. 2018) and the factors that may contribute 
to those differences (e.g., higher grass cover, lower woody and canopy covers, higher 
hydrophobicity, etc.), we should expect a moisture-driven difference in infiltration capacity 
across the wider Hawaiian landscape. By focusing the current study on the wetter part of the 
landscape, we may have not captured wider moisture-related differences in soil infiltration. 
Unfortunately, our study had to be limited to sampling in mesic and wet habitats as most 
original dry forests in the state have been heavily degraded or fully converted into non-native 
grasslands. 

Within our mesic to wet moisture range, despite the fact that mean annual precipitation ranged 
over 4,500 mm across all sites in our study, several infiltration-related factors were relatively 
constant across all plots measured. First, despite most of our data collection occurring during 
the dry season, soils were rarely dry, which resulted in nearly no appreciable measurements of 
soil hydrophobicity, a condition associated with slower soil infiltration (Burch et al. 1989). 
Second, under these generally moist forest conditions, most of the plots we measured had a 
thick organic top layer that likely enhanced surface infiltration capacity (Johnson and Lehmann 
2006). Lastly, because all of our plots were within forests, the presence of large roots, a factor 
associated with higher infiltration capacity in past research and in our final models (Nespoulous 
et al. 2019), was likely a contributor to higher infiltration capacity under the mesic-wet 
conditions across our sites. 

Variables describing soil and weather conditions at the time of sampling show wetter conditions 
negatively affected estimates of Kfs across plots in our study. This is not surprising, as soils may 
already be near saturation immediately after or during rain events. Given current conditions are 
correlated to mean annual precipitation (i.e., high mean annual rainfall areas are likely to be 
under wetter conditions at any given time), we tested to see if the inclusion of variables 
describing current conditions was masking the effect of precipitation or moisture zones in our 
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models of Kfs. We found that, even after dropping these variables, neither moisture zone nor 
mean annual precipitation were significant predictors of Kfs in our models. 

Substrate age and island effects on soil infiltration of forest soils 
Our combined island age variable was most important in determining Kfs in our models. Yet, 
surprisingly, there were no significant interactions between island age and the other predictors 
of Kfs, which would indicate substrate-specific differences in how other predictors (e.g., 
ungulate damage) affect soil infiltration capacity across forests in Hawaii. Furthermore, these 
large substrate-driven Kfs differences did not match our expectations where the infiltration in 
old substrates on Hawai‘i and Kaua‘i islands was remarkably higher than in medium age, and to 
a lesser degree, young substrate sites. Due to the known process of soil weathering, we 
expected older substrates with higher clay and silt content to exhibit slower infiltration 
(Chadwick et al. 1999). However, not only was infiltration capacity higher in older sites, but silt 
and clay content were very low across the study area and not significant factors in our final 
model. There may be several reasons for these unexpected effects of age on infiltration. The 
first is that standard soil particle size tests we used to generate clay content underestimate the 
concentration of clay particles in volcanic soils (Silva et al. 2015). The second is that soils with 
higher actual clay content also tend to shrink and swell with changes in moisture, which creates 
large cracks within the soil (Marin-Spiotta et al. 2011). However, because we focused on 
surface-level infiltration where most plots had an organic soil horizon, the importance of mineral 
soil controls on sub-surface soil infiltration may not be too important. In fact, infiltration data 
from Maui (Kennedy et al. 2019) indicate that infiltration measurements in Hawaiian forests at 
greater depths where mineral soil is present can yield quite different infiltration rates. 
Nevertheless, several factors associated with island and substrate were significant predictors 
of Kfs.  

Soil depth, a variable related to substrate age, positively affected Kfs across our plots. The 
presence of a recent ash surface deposit also positively affected infiltration capacity. Lastly, 
areas with greater slope were found to have reduced infiltration capacity and were at higher 
risk of runoff after rainfall events (Fox et al. 1997). Given that our infiltration methods limited 
us from conducting work in steep terrain, it is quite likely that the factors we found to affect 
local infiltration capacity (e.g., ungulate damage, canopy cover) will have an increasing 
importance in steeper slopes. Development and application of infiltration methods applicable in 
steeper slopes could help us understand factors controlling water flux in forests precisely in 
areas known to be at greater risk of runoff (Dunkell et al. 2011).  

Soil infiltration as a local phenomenon 
Substantial within-site heterogeneity prevented detection of infiltration capacity differences at 
the site (i.e., forest stand) level. Infiltration capacity was driven by a complex set of factors, 
and these factors varied widely across plots within each site. For example, all sites were 
selected based on having a minimum of 50% canopy cover and greater where possible. Despite 
this, canopy cover at the 3-m radius plot-scale yielded cover estimates ranging from 0–90%, 
and within-site canopy cover estimates having greater than a 50% range. Soil depth and bare 
soil cover were also highly variable within sites, further underscoring the extent of 
heterogeneity at a forest stand scale. As a consequence of the multiple spatially variable factors 
controlling local infiltration capacity, the averaged effect of a single factor across the broader 
landscape is drowned out by variability in all other factors combined. Nevertheless, one partial 
explanation for the lack of consistent results across spatial scales (from plot to site and 
landscape levels) is the fact that, despite a large landscape sampling effort, our study may have 
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more accurately represented within-site vegetation and infiltration variability by utilizing an 
unbiased radial design. Infiltration studies typically sample plots for measurement subjectively 
in relatively small areas. Our unbiased plot selection scheme likely resulted in greater variability 
in measurements across each site when compared to plot selection criteria that give researchers 
greater latitude (and hence subjectivity) in determining sites for infiltration and vegetation 
measurements. 

Conclusions, study limitations, and future work 
Our main goal for this study was to determine the effects of invasive plant and ungulate 
management on soil infiltration capacity along moisture zone and substrate age gradients within 
forested areas across Hawaii. Ultimately, our study pairs an unprecedented systematic sampling 
of Kfs across Hawaiian forests with a wealth of simultaneously collected vegetation and soil 
characteristic data to understand the factors that control water infiltration in forests.  

Invasive species presence in the forests we studied were found to have complex effects on soil 
infiltration capacity. Our final model shows ungulate damage consistently negatively affects 
infiltration capacity across the landscape. Additionally, given that several soil characteristics 
known to be affected by ungulates were associated with local infiltration capacity (e.g., SOM, 
bare soil cover, soil depth), long-term secondary effects of high ungulate densities in Hawaiian 
forests may be higher than effects observed in this study. We provide clear evidence for land 
managers that ungulate removal efforts likely improve ecohydrologic function to mesic and wet 
forest systems critical to protecting downstream and nearshore resources, as well as 
groundwater recharge. In contrast, the effect of invasive plants on water infiltration capacity in 
Hawaiian forests appears more complex. Overall, the model shows that the greater the canopy 
cover, particularly of ‘ōhi‘a, the higher the expected infiltration capacity. Invasive grass cover 
and bare soil, both indicators of disturbance in wet and mesic Hawaiian forests, were negatively 
associated with infiltration capacity. However, our results show that infiltration capacity is highly 
variable across forested sites and the wider landscape. Much of this variability is determined by 
a complex set of soil, vegetation, and disturbance factors that affect infiltration at the 
immediate surrounding of measurement plots. Consequently, the effect across the landscape of 
any given factor on infiltration may be masked by variability in other factors. 

Because of the multitude of factors that can influence infiltration capacity at local scales, paired 
site study designs such as the one we used are commonly employed in infiltration studies 
(Perkins et al. 2012). Unfortunately, this paired approach design is extremely challenging to 
apply when exploring native/invasive driven differences in forest infiltration given there is 
typically a wide invasion gradient between completely native forest sites and heavily invaded 
forest sites. Nearly six months were needed to identify site pairs that met all of our selection 
criteria. Given the additional constraints in site selection (large and homogeneous stands for 
multiple plot measurements, accessibility, etc.) our native/invasive site pairs likely were selected 
near a transition zone where invasion was less pronounced. This is evidenced by strawberry 
guava being primarily observed in the understory in our study sites, yet it dominates the forest 
canopy in many areas throughout the state. Moreover, forests dominated by strawberry guava 
may have an extensive shallow root layer making such areas difficult or unsuitable for 
infiltration testing using our methodology. Had we made comparisons between the extremes of 
invasion in our study, differences between native and non-native forests may have been more 
dramatic than documented in this study. Nevertheless, had we increased the distance between 
paired sites, we would have increased our chances of finding spurious treatment effects 
resulting from factors not considered in our study. While fenced and unfenced site pairs were 
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easier to locate, they were also challenging; in addition to remoteness of many ungulate-free 
areas, there may be a ‘fence shadow’ effect where active management occurs in proximity to 
and within exclosures. Beyond the difficulty in selecting suitable fenced/unfenced sites and 
native/invasive sites described above, a broader issue of confounding factors was especially 
challenging. For instance, while selecting sites for fenced/unfenced comparisons, most fenced 
sites were not only ungulate proof, but also heavily managed to control invasive plants, and 
increase the abundance of native plants. Many of the native/invasive candidate site pairs also 
included native areas that had recently been managed to control invasive species. Given that 
the effect of intensive management activities (i.e., foot traffic) on soil properties are likely not 
trivial (and certainly worth exploring in future work), most of these candidate sites were 
excluded from our study. 

Future efforts to collect data from more paired sites could provide more power to detect 
differences at the site-level, but would require an even larger field campaign, which was beyond 
the scope of this study. Alternatively, based on our experience, future work could be improved 
by taking an entirely different approach from the one used here and elsewhere (i.e., selecting 
adjacent paired sites). Invasion is generally a gradual process that makes an adjacent paired 
site design inadequate as undisturbed native forests rarely occur immediately adjacent to 
heavily invaded forests. As it is challenging to find adjacent sites that meet study criteria, a 
paired study design generally also implies adjacent sites large enough for many plots to be 
measured. The need for large paired sites adds to the access and logistical constraints of 
infiltration studies where large amounts of equipment and water are needed, meaning that 
suitable study areas are extremely challenging to find.  

Paired study designs have been widely used in infiltration studies (Wood 1971, Wirawan 1978, 
Perkins et al. 2012) because most past studies were done at a small scale (i.e., two site 
comparisons), and most importantly, because it minimizes the effect of random variables not 
measured in studies. However, our study shows that we can measure many of the landscape, 
vegetation, and soil factors that are likely to influence infiltration capacity within forested 
systems. With that in mind, studies that focus instead on multiple unpaired sites (each with 
fewer measurement plots) would be considerably easier to accomplish and more representative 
of the full gradient of invasion across the landscape. As there are clear landscape-level controls 
to infiltration beyond local vegetation and soil conditions, our study shows that potentially 
important environmental gradients (e.g., substrate age) would need to be representatively 
sampled in such efforts. Regarding future research focused on invasive plant effects on forest 
water fluxes, given that forest structure integrity is generally associated with higher infiltration 
capacity, focus could shift away from individual species comparisons towards sampling a diverse 
set of forest structure conditions representative of the gradient between native- and invasive-
dominated plant communities. This unpaired approach, if combined with random plot selection 
within sites and characterization of variables that may independently alter results (e.g., 
substrate age, mean annual precipitation and temperature, etc.), along with representation of 
steeper slope areas common in Hawaiian forests, could yield much more representative 
native/invasive comparisons. The data processing and analysis template we developed and 
presented here would be useful for streamlining these future data efforts. 
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APPENDIX I. FIGURE EXAMPLE OF OFFSETTING PLOTS WITHIN A SITE TO ACCOMMODATE 
HIGHLY IRREGULAR FOREST STANDS 

  

 

 

Appendix I. Figure example of offsetting plots within a site to accommodate highly irregular 
forest stands. Red x’s indicate plots that fell in unsuitable areas while red circles indicate 
alternative plots for sampling. 
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APPENDIX II. PHOTO EXAMPLE OF AN AUTOMATED INFILTRATION SETUP  

 

 

Appendix II. Photo example of an automated infiltration setup. 
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APPENDIX III. EXAMPLE OF KFS RATES ACROSS 4 L INFILTRATION MEASUREMENTS 

 

Appendix III. Example of Kfs rates across 4 L infiltration measurements for all plots (1–17) in 
site MYI1. Note the decreasing rate over time, indicating the measurement condition was 
reaching saturation.  
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APPENDIX IV. VEGETATION-RELATED VARIABLES ASSESSED AND MEASURED AND THEIR
DESCRIPTIONS

Appendix IV. Vegetation-related variables assessed and measured and their descriptions. 
“Prop.” indicates proportion. 
Type Scale Variable name Description 

Input Plot Percent cover above 1 m 
height 

Input Plot Densiometer canopy cover 

Input Plot Tree cover in canopy 

Input Plot Relative canopy native tree 
cover 

Input Plot Prop. of ‘ōhi‘a in canopy 
native tree cover 

Input Plot Prop. of strawberry guava in 
canopy invasive tree cover 

Input Plot Canopy species 

Input Plot Understory height 

Input Plot Absolute understory woody 
cover 

Input Plot Relative understory native 
woody cover 

Percent absolute cover above 1 m height 

Average densiometer reading transformed 
into 0–100% cover 

What is the absolute percent tree cover 
for the canopy? 

How much of that tree cover is native in 
relative percent? 

How much of that native tree cover is 
‘ōhi‘a? 

How much of the non-native tree cover is 
strawberry guava? 

List most common species in canopy layer 

Average height to top of crown (m) 

What is the absolute percent woody 
species cover for the understory? 

How much of the understory woody 
species cover is native? 

Input Plot Absolute understory fern cover What is the absolute percent fern cover 
for the understory? 

Input Plot Relative understory native fern 
cover 

Input Plot Prop. of hāpu‘u in 
understory native fern cover 

Input Plot Understory species 

Input Plot Forest floor height 

Input Plot Absolute floor herb cover 

How much of the understory fern cover is 
native? 

How much of that native understory fern 
cover is hāpu‘u? 

List most common species in understory 
layer 

Average height to top of crown (m) 

What is the absolute percent herb cover 
for the forest floor? 
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Input Plot Prop. of invasive grass in floor 
herb cover 

How much of the understory herb cover is 
non-native grass? 

Input Plot Prop. of invasive Himalayan 
ginger in floor herb cover 

How much of the forest floor herb cover 
is ginger? 

Input Plot Prop. of natives in floor herb 
cover 

How much of the forest floor herb cover 
is native? 

Input Plot Absolute floor fern cover What is the absolute percent fern cover 
for the forest floor? 

Input Plot Prop. of natives in floor fern 
cover 

How much of the forest floor fern cover is 
native? 

Input Plot Prop. of uluhe in floor native 
fern cover 

How much of that native forest floor fern 
cover is uluhe? 

Input Plot Absolute floor woody cover What is the absolute percent woody 
species cover for the forest floor? 

Input Plot Prop. of natives in floor woody 
cover 

How much of the forest floor woody 
species cover is native? 

Input Plot Percent litter cover What is the absolute percent litter cover 
in the forest floor (3 m radius) 

Input Plot Percent bare soil What is the absolute percent bare soil 
cover in the forest floor (3 m radius) 

Input Plot Percent rock cover What is the absolute percent bare rock/ 
outcrop cover in the forest floor (3 m 
radius) 

Input Plot Forest floor species List most common species in forest floor 
layer 

Input Plot Vegetation survey notes Plot description and notes: anything you 
feel this assessment missed in describing 
vegetation for this plot? 

Derived Plot Native tree cover in canopy Absolute percent cover estimates derived 
from entries above 

Derived Plot Invasive tree cover in canopy Absolute percent cover estimates derived 
from entries above 

Derived Plot ‘Ōhi‘a cover in canopy Absolute percent cover estimates derived 
from entries above 

Derived Plot Strawberry guava cover in 
canopy 

Absolute percent cover estimates derived 
from entries above 
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Derived Plot Relative ‘ōhi‘a canopy cover Absolute percent cover estimates derived 
from entries above 

Derived Plot Woody native cover in 
understory 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Woody invasive cover in 
understory 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Fern native cover in understory Absolute percent cover estimates derived 
from entries above 

Derived Plot Hāpu‘u cover in understory Absolute percent cover estimates derived 
from entries above 

Derived Plot Invasive grass cover in forest 
floor 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Himalayan ginger cover in 
forest floor 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Native herbaceous cover in 
forest floor 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Native fern cover in forest floor Absolute percent cover estimates derived 
from entries above 

Derived Plot Uluhe cover in forest floor Absolute percent cover estimates derived 
from entries above 

Derived Plot Native woody cover in forest 
floor 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute floor invasive woody 
cover 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total woody cover Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total native woody Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total invasive woody Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total fern cover Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total understory cover Absolute percent cover estimates derived 
from entries above 
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Derived Plot Absolute total floor cover Absolute percent cover estimates derived 
from entries above 

Derived Plot Absolute total understory and 
floor cover 

 Absolute percent cover estimates derived 
 from entries above 

Derived Plot Relative canopy invasive tree 
cover 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Relative understory invasive 
woody cover 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Prop. of invasives in floor herb 
cover 

Absolute percent cover estimates derived 
from entries above 

Derived Plot Prop. of invasives in floor 
woody cover 

Absolute percent cover estimates derived 
from entries above 

Input Site Differences between this site 
and comparison site  

What are visible differences between this 
site and its comparison site  

Input Site Absolute cover above 1 m 
height  

Self-explanatory 

Input Site Relative percent of canopy 
cover that is native  

Self-explanatory 

Input Site Absolute cover of ‘ōhi‘a 
across the site  

Self-explanatory 

Input Site Absolute cover of strawberry 
guava across the site  

Self-explanatory 

Input Site Absolute cover of Himalayan 
ginger across the site  

Self-explanatory 

Input Site Absolute cover of grass across 
the site  

Self-explanatory 

Input Site Absolute cover of uluhe across 
the site  

Self-explanatory 

Input Site Absolute cover of hāpu‘u 
across the site  

Self-explanatory 

Input Site Please list the most dominant 
species in canopy 

Single species 

Input Site Dominant species in the 
understory and forest floor 

Single species 
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APPENDIX V. EXAMPLE BETWEEN EXPOSURE AND NUMBER OF CANOPY GAPS OF
HEMISPHERICAL PHOTOS TAKEN AT EACH PLOT AT THE MOI1 SITE 

Appendix V. Example between exposure and number of canopy gaps of hemispherical photos 
taken at each plot (n=17) at the MOI1 site. Sum of Fstops (a total exposure index that 
integrates differences in shutter speed, aperture, and ISO) is plotted against the number of 
gaps calculated using Hemispherical 2.0 software (Beckschäfer 2015). The peak number of gaps 
for most plots in the site occurred at approximately an Fstop sum of 18. Hence for canopy 
characterization for each plot in this site, images with an exposure closest to an Fstop sum of 
18 was used.  
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APPENDIX VI. CANDIDATE MODEL VARIABLE, FIELD MEASUREMENT CATEGORY, AND
ECOLOGICAL JUSTIFICATION FOR INCLUSION

Appendix VI. Candidate model variable, field measurement category type it refers to, and brief 
ecological justification for inclusion. 
Candidate model 
variable Type Justification 

Absolute tree 
canopy cover 

Vegetation Canopy cover intercepts water and can affect throughfall 
rates (Nanko et al. 2015). Vegetation cover is generally 
associated with higher infiltration. 

Absolute invasive 
tree canopy cover 

Vegetation Previous work documented altered streamflow and 
throughfall rates in invasive forests (Strauch et al. 2016, 
2017). Past infiltration work has shown differences between 
invasive vs. native vegetation (Perkins et al. 2014). 

Absolute 
strawberry guava 
canopy cover 

Vegetation Previous work in Hawaii has documented altered runoff 
volume between native and strawberry guava-invaded 
forests (Strauch et al. 2016). Past infiltration work has shown 
differences between invasive vs. native vegetation (Perkins 
et al. 2014). 

Absolute ‘ōhi‘a 
canopy cover 

Vegetation ‘Ōhi‘a is a keystone species in Hawaii. Differences in soil 
characteristics and vegetation structure have been 
documented between ‘ōhi‘a-dominated and invasive canopy 
forests (Nanko et al. 2015, Strauch et al. 2016). 

Absolute 
understory 
woody cover 

Vegetation Understory presence affects throughfall rates. Woody cover 
dramatically enhanced infiltration rates in a Maui dry forest 
(Perkins et al. 2014, Nanko et al. 2015). Vegetation cover is 
generally associated with higher infiltration. 

Absolute invasive 
grass ground 
cover 

Vegetation Matt-forming roots of invasive grasses in Hawaii are 
dramatically different from native forest root systems 
(Perkins et al. 2012). 

Absolute 
Himalayan ginger 
ground cover 

Vegetation Rhizomous root structure of Himalayan ginger is different 
from native forest systems. Invasions can transform forest 
understory (Minden et al. 2010). 
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Absolute native 
herbaceous 
ground cover 

Vegetation Native ground cover growth forms above- and below-ground 
differ from invasive grasses and Himalayan ginger. 

Absolute fern 
ground cover 

Vegetation Presence/absence of understory ferns can be indicative of 
disturbance (Hess et al. 2010). 

Absolute uluhe 
ground cover 

Vegetation Previous work documents increased runoff following removal 
of uluhe (Anderson et al. 1966). Presence/absence of 
Dicranopteris species can be indicative of disturbance.  

Absolute woody 
ground cover 

Vegetation Woody plant root systems often vary from herbaceous plants 
(Perkins et al. 2014). Belowground roots influence 
infiltration. 

Absolute native 
woody ground 
cover 

Vegetation Previous work documents differences between native and 
invasive woody plant effects on water uptake and ground 
cover (Strauch et al. 2016). 

Bare ground 
cover 

Vegetation Exposed soil is prone to increased hydrophobicity and runoff 
(Perkins et al. 2018). 

Absolute total 
woody cover 

Vegetation Woody plant cover from a forest structure perspective may 
have different effects than considering individual levels 
(Strauch et al. 2016). 

Absolute total 
native woody 
cover 

Vegetation Previous work documents differences between native and 
invasive woody plant effects on water uptake and ground 
cover. Effects of cover across all vegetation levels may differ 
from considering them individually (Strauch et al. 2016). 

Absolute total 
invasive woody 
cover 

Vegetation Previous work documents differences between native and 
invasive woody plant effects on water uptake and ground 
cover. Effects of cover across all vegetation levels may differ 
from considering them individually (Strauch et al. 2016). 

Absolute total 
floor cover 

Vegetation Previous work documented a negative relation between 
ground cover and erosion (Nanko et al. 2015, p. 201). 

Absolute invasive 
woody floor cover 

Vegetation Previous work documents differences between native and 
invasive woody plant effects on water uptake and ground 
cover (Strauch et al. 2016). 
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Ungulate 
damage: expert 
estimate 

Vegetation Ungulates have been linked to negative effects on forest and 
soil structure characteristics (Anderson et al. 1992, Dunkell 
et al. 2011, Strauch et al. 2016). 

Soil depth Soil Soil depth is an integral component of soil structure; may 
also indicate erosion (Perkins et al. 2018). 

Percent clay and 
silt in soil 

Soil Soil composition influences infiltration; higher clay content 
can reduce porosity. 

Soil organic 
matter: expert 
estimate 

Soil SOM is critical to healthy soil structure, which influences 
infiltration rates (Long et al. 2017). 

Large roots in 
soil: expert 
estimate 

Soil Plant root size can affect how far and deep water moves 
through channels created by roots (Johnson and Lehmann 
2006). 

Site elevation Landscape Forest communities in Hawaii can vary along an elevation 
gradient. 

Site mean annual 
precipitation 

Landscape Precipitation is a primary factor controlling infiltration. 

Site slope Landscape Slope influences runoff and infiltration rates during rain 
events (Fox et al. 1997). 

Island age Landscape Soil weathers with age, which changes its physical and 
chemical structure. This study assessed infiltration across a 
large age gradient. 

Ash layer present Landscape Presence of an ash layer alters soil depth. Additionally, ash 
presence provides a different soil structure, and possibly 
infiltration rate, than solid lava rock (Nanzyo 2002). 

Current rain Conditions Soil saturation influences infiltration and runoff (Tricker 1981, 
Cerdà 1996). 

Soil conditions Conditions Soil saturation influences infiltration and runoff (Tricker 1981, 
Cerdà 1996). 
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APPENDIX VII. EXAMPLE OF COMPARISON BETWEEN UNTRANSFORMED AND BEST
NORMALIZATION TRANSFORMATION FOR PLOT ‘PERCENT CLAY AND SILT’  

Appendix VII. Example of comparison between untransformed (left) and best normalization 
transformation (right) found for plot ‘percent clay and silt’. Numbers beneath each graph are a 
Pearson P test statistic for normality, with lower numbers meaning the data distribution was 
closer to a normal distribution. 
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APPENDIX VIII. LIST OF CANDIDATE VARIABLES CONSIDERED IN MODELS AND THEIR FINAL
TRANSFORMATION TO REACH A NORMALIZED DISTRIBUTION

Appendix VIII. List of candidate variables considered in models and their final transformation to 
reach a normalized distribution. Transformation abbreviations include: arcsinh_x (inverse 
hyperbolic sine), log_x (simple log), no_transform (no transformation), orderNorm (Ordered 
Quantile transformation normalization), sqrt_x (square-root). 

Candidate variable Transformation 

densiometer_cover orderNorm 

ABS.canopy.tree.cover no_transform 

ABS.canopy.native.tree.cover sqrt_x 

ABS.canopy.invasive.tree.cover no_transform 

ABS.canopy.ohia.cover no_transform 

ABS.canopy.guava.cover no_transform 

ABS.understory.woody.cover orderNorm 

ABS.understory.native.woody.cover orderNorm 

ABS.understory.fern.cover no_transform 

ABS.hapuu.cover no_transform 

ABS.floor.herb.cover orderNorm 

ABS.floor.invasive.grass.cover sqrt_x 

ABS.floor.invasive.ginger.cover orderNorm 

ABS.floor.native.herb.cover sqrt_x 

prop.of.invasive.grass.in.floor.herb.cover orderNorm 

ABS.floor.fern.cover orderNorm 

ABS.floor.uluhe.cover no_transform 

ABS.floor.woody.cover arcsinh_x 

ABS.floor.native.woody.cover orderNorm 

litter.cover log_x 

bare.soil.cover sqrt_x 

soil.depth orderNorm 
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soil.organic.matter.lab orderNorm 

percent.clay.and.silt orderNorm 

percent.clay orderNorm 

percent.silt orderNorm 

percent.sand orderNorm 

wider.ungulate.damage.ocular.estimate no_transform 

soil.conditions no_transform 

current.rain no_transform 

soil.organic.matter.expert.estimate arcsinh_x 

soil.large.roots.expert.estimate no_transform 

ABS.total.woody.cover orderNorm 

ABS.total.native.woody no_transform 

ABS.total.invasive.woody orderNorm 

ABS.total.fern.cover orderNorm 

ABS.total.understory.cover no_transform 

ABS.total.floor.cover orderNorm 

plot_MAP orderNorm 

plot_MAT orderNorm 

plot_elev orderNorm 

plot_age no_transform 

plot_slope orderNorm 

ABS.floor.invasive.woody.cover no_transform 

ABS.understory.invasive.woody.cover no_transform 
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APPENDIX IX. DESCRIPTION OF STUDY SITES INCLUDING SITE NAME, LOCATION, HABITAT
TYPE, SUBSTRATE AGE, AND TREATMENT  

Appendix IX. Description of study sites including site name, location, habitat type, substrate 
age, and treatment for all sites in this study. At each of the 39 sites sampled, field data were 
collected at 17 plots. Abbreviations include: FR (Forest Reserve), NAR (Natural Area Reserve), 
NP (National Park), NWR (National Wildlife Refuge), TNC (The Nature Conservancy). *Notes the 
unpaired site sampled.  

Plot name Location Habitat type Substrate age Treatment 

MMF1 Hakalau Forest NWR Mesic Medium Fenced 

MMU1 Hakalau Forest NWR Mesic Medium Unfenced 

MMN1 Hakalau Forest NWR Mesic Medium Native 

MMI1 Hakalau Forest NWR Mesic Medium Invasive 

MOF1 Kōke‘e State Park Mesic Old Fenced 

MOU1 Kōke‘e State Park Mesic Old Unfenced 

MON1 Kōke‘e State Park Mesic Old Native 

MOI1 Kōke‘e State Park Mesic Old Invasive 

MYN1 Hawai‘i Volcanoes NP Mesic Young Native 

MYI1 Hawai‘i Volcanoes NP Mesic Young Invasive 

MYN2 Hawai‘i Volcanoes NP Mesic Young Native 

MYI2 Hawai‘i Volcanoes NP Mesic Young Invasive 

*MYF1 Hawai‘i Volcanoes NP Mesic Young Fenced 

WMF1 Hakalau Forest NWR Wet Medium Fenced 

WMU1 Hakalau Forest NWR Wet Medium Unfenced 

WMF2 Laupāhoehoe Reserve Wet Medium Fenced 

WMU2 Laupāhoehoe Reserve Wet Medium Unfenced 

WMN1 Laupāhoehoe Reserve Wet Medium Native 

WMI1 Laupāhoehoe Reserve Wet Medium Invasive 

WOF1 Pu‘u O ‘Umi NAR Wet Old Fenced 

WOU1 Pu‘u O ‘Umi NAR Wet Old Unfenced 
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WOF2 Hono O Nā Pali NAR Wet Old Fenced 

WOU2 Nā Pali-Kona FR Wet Old Unfenced 

WON1 Pu‘u O ‘Umi NAR Wet Old Native 

WOI1 Pu‘u O ‘Umi NAR Wet Old Invasive 

WON2 Nā Pali-Kona FR Wet Old Native 

WOI2 Nā Pali-Kona FR Wet Old Invasive 

WYF1 Hawai‘i Volcanoes NP Wet Young Fenced 

WYU1 Kahauale‘a NAR Wet Young Unfenced 

WYF2 Pu‘u Maka‘ala NAR Wet Young Fenced 

WYU2 Pu‘u Maka‘ala NAR Wet Young Unfenced 

WYF3 TNC Ka‘ū Wet Young Fenced 

WYU3 Ka‘ū Forest Reserve Wet Young Unfenced 

WYN1 Hawai‘i Volcanoes NP Wet Young Native 

WYI1 Hawai‘i Volcanoes NP Wet Young Invasive 

WYN2 Volcano Village Wet Young Native 

WYI2 Volcano Village Wet Young Invasive 

WYN3 TNC Ka‘ū Wet Young Native 

WYI3 TNC Ka‘ū Wet Young Invasive 
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APPENDIX X. SUMMARY OF NUMBER OF SITES ACROSS ISLAND, SUBSTRATE AGE, MOISTURE 
ZONE, AND MANAGEMENT CATEGORIES

Appendix X. Summary of number of sites across island, substrate age, moisture zone, and 
management categories. 

Substrate age 

Moisture 
zone 

Treatment 
comparison 

Young Medium Old (Hawai‘i) Old (Kaua‘i) 

Mesic Fenced/unfenced 1 2 0 2 

Mesic Native/invaded 4 2 0 2 

Wet Fenced/unfenced 6 4 2 2 

Wet Native/invaded 6 2 2 2 
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APPENDIX XI. LOG-TRANSFORMED KFS VALUES AT THE SITE LEVEL COMPARED ACROSS
NATIVE/INVADED AND FENCED/UNFENCED FORESTS 

Appendix XI, Figure 1. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: native vs. invaded site 
comparisons.  
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Appendix XI, Figure 2. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: moisture zone by 
native/invasive treatment type comparisons. 
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Appendix XI, Figure 3. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: substrate age by 
native/invasive treatment comparisons. 

 

 



58 

Appendix XI, Figure 4. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: fenced vs. unfenced sites. 



59 
 

 

Appendix XI, Figure 5. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: moisture zone by 
fenced/unfenced treatment. 
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Appendix XI, Figure 6. Box and whisker plots of log-transformed Kfs values (mm/hr) at the site 
level compared across native/invaded and fenced/unfenced forests: substrate age by treatment 
comparisons. Regarding substrate age effect on Kfs, data show that Kfs is faster at older 
substrate sites and slower at medium age sites.  
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APPENDIX XII. SUBSET OF RESPONSE CURVES OF PREDICTOR VARIABLES WITH LOG-
TRANSFORMED KFS VALUES 

Appendix XII, Figure 1. Response curve of predictor variable percent absolute canopy cover 
with log-transformed Kfs values (mm/hr). 



62 

Appendix XII, Figure 2. Response curve of predictor variable percent plot slope with log-
transformed Kfs values (mm/hr). 
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Appendix XII, Figure 3. Response curve of predictor variable soil conditions ranked in ascending 
order from dry to saturated with log-transformed Kfs values (mm/hr). 
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Appendix XII, Figure 4. Response curve of predictor variable percent of soil organic matter with 
log-transformed Kfs values (mm/hr). 



65 

Appendix XII, Figure 5. Response curve of predictor variable understory wood cover with log-
transformed Kfs values (mm/hr). 
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APPENDIX XIII. SUBSET OF BIVARIATE RESPONSE CURVES 

 

 

Appendix XIII, Figure 1. Bivariate response curve of predictor variables (soil organic matter and 
ungulate damage across a wider area [ranging from none to heavy on a scale of 1–4]) with log-
transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 2. Bivariate response curve of predictor variables (percent invasive grass 
cover on forest floor and percent of canopy cover comprised of ‘ōhi‘a) with log-transformed Kfs 
values (mm/hr). 
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Appendix XIII, Figure 3. Bivariate response curve of predictor variables (ungulate damage 
across a wider area [ranging from none to heavy on a scale of 1–4] and estimated invasive 
grass ground cover) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 4. Bivariate response curve of predictor variables (ungulate damage 
across a wider area [ranging from none to heavy on a scale of 1–4] and estimated ‘ōhi‘a canopy 
cover) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 5. Bivariate response curve of predictor variables (estimated soil organic 
matter and soil depth [cm]) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 6. Bivariate response curve of predictor variables (estimated percent soil 
organic matter and percent plot slope) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 7. Bivariate response curve of predictor variables (estimated percent soil 
organic matter and percent Himalayan ginger cover on forest floor) with log-transformed Kfs 
values (mm/hr). 
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Appendix XIII, Figure 8. Bivariate response curve of predictor variables (percent of plot with 
large roots and soil depth [cm]) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 9. Bivariate response curve of predictor variables (percent plot slope and 
soil depth [cm]) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 10. Bivariate response curve of predictor variables (percent of plot floor 
with invasive grass cover and soil depth [cm]) with log-transformed Kfs values (mm/hr). 
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Appendix XIII, Figure 11. Bivariate response curve of predictor variables (percent of soil organic 
matter and percent of canopy cover comprised of ‘ōhi‘a) with log-transformed Kfs values 
(mm/hr). 
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Appendix XIII, Figure 12. Bivariate response curve of predictor variables (percent of soil organic 
matter and percent of presence of large roots in soil) with log-transformed Kfs values (mm/hr). 
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APPENDIX XIV. SINGLE WATERSHED SWAT MODEL TO EXPLORE INFILTRATION EFFECTS TO
DOWNSTREAM FLOW

Model Introduction 
The soil and water assessment tool (SWAT), a physically based, semi-distributed, continuous 
hydrologic model, was used to develop a watershed model to simulate runoff for part of the 
Hanalei River watershed on Kaua‘i Island, Hawaii. The software, originally developed for the 
U.S. Department of Agriculture, is a tool for predicting the effect of land-management practices 
on water, sediment, and agricultural chemical yields in large complex watersheds with varying 
soils, land use, and management conditions over long periods of time (Neitsch et al. 2011). The 
model used sub-daily climate data to evaluate the sensitivity of runoff to the range of field-
saturated hydraulic conductivity (Kfs) values measured by Fortini et al. (2020). Datasets 
associated with this report appendix are available as a U.S. Geological Survey data release 
(Rosa 2020). 

Description of Study Area 
The study area within the Hanalei River watershed is located on the northern side of Kaua‘i 
Island and west of the town Kīlauea (Appendix XIV, Figure 1). The modeled watershed has an 
area of approximately 12,000 acres with the southern drainage divide at the summit of Mount 
Wai‘ale‘ale at an altitude of 1,562 m and the outlet of the watershed at the U.S. Geological 
Survey (USGS) Hanalei River streamgage (16103000) near the coast at an altitude of 22 m. No 
known diversions exist above the current USGS Hanalei River streamgage. Due to the 
orographic nature of rainfall in the watershed, the average annual amount of rainfall varies 
spatially within the watershed from about 9,100 mm near the headwaters to 2,500 mm near 
the coast (Giambelluca et al. 2013). The long-term (1978–2007) average annual rainfall for the 
modeled watershed is 4,442 mm (Giambelluca et al. 2013). The upper forested part of the 
modeled watershed, approximately 25 percent, is often covered in clouds and therefore 
receives an added amount of precipitation, known as fog drip. In places like the upper part of 
Hanalei River watershed where clouds persist, the amount of water intercepted by vegetation 
may add a substantial amount of precipitation input to the water budget (Juvik and Ekern 
1978). 

The island of Kaua‘i is formed mainly by two volcanic formations: the Waimea Canyon Basalt 
and the younger Koloa Volcanics. The Hanalei River watershed is dominated by the Waimea 
Canyon Basalt and includes members (geologic formations with a specific lithology) of Napali 
and Olokele origin (Sherrod et al. 2007). Macdonald et al. (1960) have characterized the 
Olokele Member as moderately to poorly permeable and the Napali Member as mostly highly 
permeable. Sedimentary rocks occupy a small fraction of the Hanalei River watershed in the 
valley floor near the coast. Macdonald et al. (1960) characterized the sedimentary rocks of 
marine and terrigenous origin as generally poorly permeable. Rough mountainous land, the 
largest soil series in the modeled watershed, has a limited amount of soil water storage capacity 
and covers 53 percent of the modeled watershed (see “Land Use Soils Report” in Rosa 2020). 
The largest land-use class in the modeled watershed, Forest-Evergreen, covers 64 percent of 
the watershed, and only 0.13 percent of the watershed is covered by Urban residential 
development (see “Land Use Soils Report” in Rosa 2020). 
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Appendix XIV, Figure 1. Map showing the Hanalei River watershed study area and the modeled 
stream reaches, Kaua‘i, Hawaii. 

The Hanalei River is a perennial stream in which streamflow is sustained by base flow 
(groundwater input or discharge to the stream). Streamflow data for the USGS Hanalei River 
streamgage 16103000 (U.S. Geological Survey 2018), in operation from January 1912 to 
November 1919, water years 1962–63 (annual maximum data only), and December 1962 to 
current year (2019), were collected for the Hanalei River watershed. The term "water year" is 
defined as the 12-month period starting on October 1 and ending on September 30 of the 
following year, for which the water year is named. In reviewing data for the last 25 years, water 
years 1993–2018, the flow that was equaled or exceeded 90 percent of the time (Q90) was 
2.15 cubic meters per second (m3/sec). The Q90 flow is a commonly used statistic to 
characterize low flows in a stream. For water years 1993–2018, the flows that were equaled or 
exceeded 50 percent of the time (Q50, or median flow) and 10 percent of the time (Q10) were 
3.54 m3/sec and 12.03 m3/sec, respectively. The mean annual flow for water years 1993–2018 
was 6.42 m3/sec. The highest annual mean flow, 14.28 m3/sec, occurred in water year 2018, 
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while the lowest annual mean flow of 4.11 m3/sec occurred in water year 2007 (U.S. Geological 
Survey 2018). 

Model Development 
The SWAT model code (version 2012) documented by Arnold et al. (2013) and Neitsch et al. 
(2002, 2011) was used to construct the Hanalei SWAT model, and SWAT-CUP (Calibration and 
Uncertainty Programs; version 5.1.6.2), documented by Arnold et al. (2012) and Abbaspour 
(2014), was used for calibration and to perform the sensitivity analysis. The ArcGIS-ArcView 
extension and interface for SWAT, ArcSwat 2012 (Winchell et al. 2013), was used to develop 
the model. SWAT simulates the hydrology of the watershed in two phases: the land phase and 
water or routing phase of the hydrologic cycle. Each component of the hydrologic cycle in SWAT 
is computed by empirical relations or process algorithms. SWAT implements the use of 
subbasins to subdivide areas within the watershed that are dominated by land uses or soils 
dissimilar enough in properties to other areas to affect hydrology (Neitsch et al. 2011). By 
taking into account characteristics such as land cover, soil type, and management purpose, the 
subbasins can be further divided into units called hydrologic response units (HRUs). Each HRU 
is assumed to be homogeneous with regard to physical properties and hydrologic response. 
This approach allows the SWAT model to incorporate the heterogeneity across the watershed 
while retaining model precision.  

Climate data, including precipitation, minimum/maximum air temperature, solar radiation, wind 
speed, and relative humidity are all required inputs in the SWAT modeling process. For this 
study, model input data included 15-minute interval precipitation data from USGS gaging-
station 221101159280801 (1131.7 Hanalei Rain Gage at Hanalei, Kaua‘i, HI) and station 
220427159300201 (1047.0 Mt. Wai‘ale‘ale Rain Gage nr Lihue, Kaua‘i, HI; U.S. Geological 
Survey 2018). Daily minimum-temperature, maximum-temperature, and wind-speed data from 
the National Weather Service National Climatic Data Center station 1020.1 (Lihue Weather 
Service Office Airport 1020.1, HI) were also used as measured inputs to the model (National 
Oceanic and Atmospheric Administration 2018). Daily datasets of relative humidity and solar 
radiation data were internally simulated by SWAT using the built-in Weather Generator (Neitsch 
et al. 2011). 

A 10-m digital elevation model (DEM) was used to determine the physical watershed 
characteristics for each subbasin and HRU (U.S. Geological Survey 2012). ArcSWAT was used to 
specify the DEM and the mask for the DEM, automatically define streams based on the DEM, 
manually add subbasin outlets for the two USGS streamgages in the Hanalei River watershed 
(USGS station numbers 16103000 and 16101000; Appendix XIV, Figure 1), select the watershed 
outlet at streamgage 16103000, delineate the watershed, and calculate the subbasin 
parameters. The 2010 C-CAP Land Cover for Kaua‘i, Hawaii, was used as the land-cover input to 
SWAT (National Oceanic and Atmospheric Administration 2013), and physical soil properties 
were derived from the Soil Survey Geographic (SSURGO) database for the island of Kaua‘i 
(Natural Resources Conservation Service 2017). ArcSWAT was used to reclassify the land use 
and soils data as well as define three slope classes (Class 1 = 0–40%; Class 2 = 40–80%; and 
Class 3 = 80–99%) resulting in about one-third of the watershed area falling into each of the 
defined slope classes. The use of multiple HRUs per subbasin for the land-use, soil-class, and 
slope-class categories were also defined in ArcSWAT. Land-use, soil, and slope classes that 
covered less than 5% of the subbasin area were eliminated and reapportioned into the 
remaining larger classes. The specified settings generated 26 subbasins and 318 HRUs.  
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The SWAT model is capable of estimating runoff and evapotranspiration using a variety of 
methods. The Green and Ampt infiltration method (Green and Ampt 1911), which calculates 
infiltration as a function of the wetting front matric potential and effective hydraulic conductivity 
(Neitsch et al. 2011), was selected for the rainfall-runoff method in the General Data (.BSN) 
table calculations. The Penman-Monteith method (Monteith 1965) was used to calculate 
potential evapotranspiration; this method combines components that account for the energy to 
sustain evaporation, the strength of the mechanism required to remove the water vapor, and 
aerodynamic and surface resistance terms (Neitsch et al. 2011). All other values for “Nutrients 
and Water Quality”, “Basin-Wide Management”, and “Urban Management/Sub-Daily erosion” in 
the General Data (.BSN) table were left at their default parameter values because they were 
outside the scope of the study or did not apply to the Hanalei River watershed. 

To best represent hydrologic conditions in forested watersheds in Hawaii, field measurements 
and published literature values were incorporated into the pre-calibrated model wherever 
possible. The automatic base-flow filter program described by Arnold et al. (1995) was used to 
separate base flow using the daily streamflow data from 2007 to 2011 from the USGS Hanalei 
River streamgage (16103000). The calculated base-flow program Alpha Factor was used as the 
initial base-flow alpha factor parameter value in the groundwater file (Appendix XIV, Table 1). 
Please refer to Arnold et al. (2013) for detailed parameter definitions. The remaining 
groundwater and sub-surface routing-related parameters aquifer (Appendix XIV, Table 1) were 
changed to the calibrated values listed for the Haiku sub-watershed in Leta et al. (2016). These 
were used as starting values for the Hanalei River watershed and initial SWAT model inputs. 
The default value was used for all other groundwater-related model parameters (see Appendix 
XIV, Table 1). For the available water capacity parameter, we assigned all HRUs representing 
rock outcrop soil types the value determined by Safeeq and Fares (2012). The maximum 
canopy storage parameter for all HRUs with the Forest-Evergreen land use was updated with 
the measured value that Takahashi et al. (2011) reported for native sites. The HRUs with 
Range-Brush, Range-Grasses, and Wetlands-Forested land-use classes were assigned the 
maximum canopy storage value reported by Takahashi et al. (2011) for an invaded site, as a 
starting point for the Hanalei River watershed and initial inputs into the SWAT model. 

The model was run using a 15-minute time step for the simulation period from 10/1/2007 to 
9/30/2011. The rainfall distribution default of "skewed normal" was used. The 64-bit release 
model was specified as the SWAT.exe version used. An initialization period of 1-year was also 
specified allowing the model to spin-up (a process used to generate a ‘reasonable’ initial model 
state) with the first year of data. The SWAT model was then read by selecting "Read SWAT 
Output" from the SWAT Simulation menu. All of the file types were checked and then the 
"Import Files to Database" button was selected. This pre-calibrated ArcSWAT simulation was 
saved as "SWAT_Hanalei" (Rosa 2020). 

The SWAT-CUP (Calibration and Uncertainty Programs; Abbaspour 2014) SUFI–2 (Sequential 
Uncertainty Fitting) optimization algorithm was used for the calibration and sensitivity analysis 
of SWAT_Hanalei (Hanalei SWAT model). A new SWAT-CUP project was started by navigating 
to the "TxtInOut" folder for the results of the pre-calibrated simulation, SWAT_Hanalei, and 
specifying the 2012 SWAT version and 64-bit Processor Architecture. A SUFI-2 project type was 
selected, and the project was also named SWAT_Hanalei and saved in the SWAT_Hanalei sub-
folder SWAT_CUP (Rosa 2020). For a description of SUFI-2 see Abbaspour et al. (2004, 2007). 
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Appendix XIV, Table 1. List of parameters calibrated in the Hanalei SWAT model for Kaua‘i, 
Hawaii. Parameter units are specified in the format that SWAT requires, and descriptions of the 
parameters were from Arnold et al. 2012. [Abbreviations: SWAT, Soil and Water Assessment 
Tool; HRU, Hydrologic Response Unit; SCS, Soil Conservation Service] 
SWAT model 
parameter 

Description of parameter Calibration 
range 

Final  
value 

General management parameters 

CN2 Initial SCS runoff curve number for moisture 
condition II 

-0.2–0.2* -0.379 

Parameters defined at the watershed level 

SURLAG Surface runoff lag coefficient 0.05–10 11.5 

Groundwater and sub-surface routing related parameters 

ALPHA_BF Base-flow alpha factor (1/days) 0–0.1 0.030 

GW_DELAY Groundwater delay time (days) 0–150 79.3 

GWQMN Threshold depth of water in the shallow aquifer 
required for return flow to occur (mm of water) 

0–3000 153 

GW_REVAP Groundwater “revap” coefficient 0.02–0.2 0.083 

RCHRG_DP Deep aquifer percolation fraction 0–1 0.523 

REVAPMN Threshold depth of water in the shallow aquifer for 
“revap” or percolation to the deep aquifer to occur 
(mm of water) 

0–250 47.4 

Distributed (HRU-dependent) parameters 

CANMX Maximum canopy storage (mm of water) -0.2–0.2* 0.326 

EPCO Plant uptake compensation factor 0–1 0.176 

ESCO Soil evaporation compensation factor 0–1 0.468 

Main channel parameters (one main channel is associated with each subbasin) 

CH_N2 Manning’s “n” value for the main channel 0–0.3 0.010 

CH_K2 Effective hydraulic conductivity in the main channel 
alluvium (mm/hour) 

0–500 94.6 

Soil parameters 

SOL_AWC Available water capacity of the soil layer (mm of 
water/mm of soil) 

-0.2–0.2* 0.036 
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SOL_K Saturated hydraulic conductivity (mm/hour) -0.2–0.2* 0.107 
*Indicates that the initial parameter value was multiplied by a percentage within the calibration 
range. For all other parameters the initial value was replaced by a value in the calibration range 
by SWAT-CUP. 

 

SWAT-CUP input files were created following the steps outlined in Abbaspour (2014) for the 
SWAT_Hanalei model with 26 subbasins (26 reaches) and the terminal outlet located in 
subbasin 1 corresponding to the simulated variable "FLOW_OUT_1." The observed.rch and 
observed.txt files were populated with median daily streamflow (U.S. Geological Survey 2018) 
and estimated base-flow data (Arnold et al. 1995) from USGS streamgage 16103000 for 
calendar year 2009 and used as the calibration target for the calibration period. Streamgage 
16101000 was not used for calibration because streamflow data were only available from 1914–
1955. The initial model and SWAT-CUP input files were first checked in SWAT_CUP by running 
one simulation with one parameter using a dummy range (minimum = 0 and maximum = 0) so 
the initial model could be evaluated using the tools available in SWAT-CUP. For the assessment 
of performance, the root-mean-square-error (RMSE)-observations standard deviation ratio 
(RSR), Nash-Sutcliffe efficiency, and percent bias were used as error indices (Moriasi et al. 
2007). This iteration was saved as "Test_inital_params" and showed that the pre-calibrated 
model performed at a satisfactory level (RMSE-observations standard deviation ratio [RSR] = 
0.42, Nash-Sutcliffe efficiency [NS] = 0.82, and percent bias [PBIAS] = -16.6) in simulating 
streamflow at the outlet of the modeled watershed where USGS streamgage 16103000 is 
located. 

A global sensitivity analysis was then performed in SWAT-CUP by editing the "Par_inf.txt" file to 
include 15 parameters with minimum and maximum values (Appendix XIV, Table 1) that were 
identified in the SWAT-CUP manual to affect the FLOW_OUT parameter. The sensitivity analysis 
was confined to layer one for the saturated hydraulic conductivity (SOL_K) and available water 
capacity of the soil layer (SOL_AWC) parameters. Default ranges for the 15 parameters were 
used unless the range could be constrained further using the analysis and calibration range for 
Hawaiian watersheds implemented in Leta et al. (2016). To identify which parameters were 
most sensitive, SWAT-CUP was run 500 times, and the iteration was saved as 
"Test_param_sensitivity" in the SWAT-CUP project. The three most sensitive parameters in the 
model identified by SWAT-CUP’s “Global Sensitivity” routine are the effective hydraulic 
conductivity in the main channel (CH_K2), Manning’s “n” value for the main channel (CH_N2), 
and base-flow alpha factor (ALPHA_BF) parameters. The least sensitive parameter in the model 
was saturated hydraulic conductivity. Rainfall rates during the analysis period were of higher 
magnitude and frequency compared to the range of the tested saturated hydraulic conductivity 
values, which helps explain why the model was seemingly insensitive to the SOL_K parameter. 
For further discussion, please see the Sensitivity Analysis section below. Please refer to 
Abbaspour (2014) for details about SWAT-CUP’s “Global Sensitivity” analysis. 

The model calibration steps were then initiated in SWAT-CUP by starting with the same 
parameters and ranges specified in the “Test_param_sensitivity” iteration and run for 200 
simulations. This was repeated for a total of 3 iterations with 200 simulations each. The 
parameters in the calibration output file from each iteration called “new_pars.txt,” showed the 
suggested values of the new parameter ranges to be used in the next iteration. These new 
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values were copied and pasted into the “par_inf.txt” files containing the input parameters to be 
optimized for the next iteration. The new parameter values were also checked for validity and 
manually corrected as necessary (for example, some values needed to be constrained to be 
greater than zero). Calibration was stopped when the model performed at a “very good” level 
(Moriasi et al. 2007) and the improvements to the p-factor and r-factor with each iteration were 
minimal. The calibrated model performed at a “very good” level (RSR = 0.33, NS = 0.89, and 
PBIAS = -4.3) in simulating streamflow at the outlet of the modeled watershed where USGS 
streamgage 16103000 is located. This iteration produced a p-factor of 0.93 and an r-factor of 
0.64. A p-factor of 1 and r-factor of 0 is a simulation that exactly corresponds to measured data 
(Abbaspour 2014). 

Validation 
The model was then validated by using the final calibrated parameter values (Appendix XIV, 
Table 1). The observed.rch and observed.txt files were populated with median daily streamflow 
(U.S. Geological Survey 2018) and base flow (Arnold et al. 1995) from USGS streamgage 
16103000 for calendar year 2010 and used as the validation target for the validation 
period. The SWAT-CUP extraction and “file.cio” files were also edited to reflect the validation 
period dates. Following the guidance and steps outlined by Abbaspour (2014) for SWAT-CUP, 
the model was run 200 times and saved as “Validation.” This “Validation” iteration indicated 
that the model performed at a “very good” level (RSR = 0.42, NS = 0.83, and PBIAS = -7.0; 
Moriasi et al. 2007) in simulating streamflow at the outlet of the modeled watershed where 
USGS streamgage 16103000 is located. 

Sensitivity of Runoff to Field-Saturated Hydraulic Conductivity 
One final iteration with 200 simulations for calendar year 2010 (the same period used for 
validation) was performed in SWAT-CUP to test the model’s sensitivity to the range of Kfs 
values measured by Fortini et al. (2020). To account for the large variability of these values 
measured within each site, a geometrical mean of the Kfs values at each site was used, and the 
minimum and maximum values of the site plot scale geometrical means (8.24–5,074.45 
millimeters per hour [mm/hr]) were used to bracket the analysis. In the 
“Absolute_SWAT_Values.txt” file the minimum and maximum values for the SOL_K parameter 
were updated to the minimum and maximum values of the site scale geometrical means (8.24–
5,074.45 mm/hr) so that no SOL_K value for any HRU would be assigned a value out of that 
specified range. The original range of SOL_K values in SWAT_Hanalei model as determined 
from the SSURGO database for island of Kaua‘i ranged from 0.79 to 331.20 mm/hr (Natural 
Resources Conservation Service 2017). As to not exceed the maximum site plot scale 
geometrical mean Kfs value of 5,074.45 mm/hr, the resulting difference of 4,743.25 mm/hr 
(between 5,074.45 mm/hr and 331.2 mm/hr) was used as the upper limit to the SOL_K 
parameter in the “par.inf” file. SOL_K was the only parameter specified in the “par.inf” file using 
the notation: a_SOL_K(1).sol 0–4,743.25. By using this additive method in the file-naming 
process, “a”, a given value within the range specified (0–4,743.25 mm/hr) precedes the existing 
SOL_K parameter value for the first soil layer, “(1)”. 

The simulation with the additive change closest to the minimum site scale geometrical mean Kfs 
of 8.24 mm/hr was simulation number 134 (11.85 mm/hr) resulting in total flow of 
1,784 m3/sec (sum of the values listed in the FLOW_OUT_1.txt file under “134” in the Sufi.Out 
folder for this iteration; Rosa 2020). The simulation with the additive change closest to the 
maximum siteplot scale geometrical mean Kfs of 5,074.45 mm/hr was simulation number 123 
(4,731.39 mm/hr) resulting in total flow of 1,950 m3/sec (sum of the values listed in the 



85 

FLOW_OUT_1.txt under “123” in the Sufi.Out folder for this iteration; Rosa 2020). For such a 
large change (39,827%) in SOL_K across the watershed, a relatively small change (9.3%) in 
the total flow at the outlet was simulated by the model. These results align with the original 
sensitivity analysis performed in iteration “Test_param_sensitivity,” showing that the SOL_K 
parameter was the least sensitive parameter in the model calibration. The insensitivity to SOL_K 
may be due to the higher magnitude and frequency of rainfall rates during the analysis period 
(calendar year 2010) compared to the range of the tested saturated hydraulic conductivity 
values. Daily rainfall amounts ranged from 0 to 211.29 mm for the analysis period. The 
maximum hourly rainfall rate at the rain gage co-located with the outlet of the modeled 
watershed was 41.15 mm/hr, and the maximum hourly rainfall rate at the rain gage at the 
headwaters of the basin was 59.95 mm/hr. However, less than 1% of hourly rainfall rates at 
both gages for the period of record exceeded 10 mm/hr. Therefore, the model was insensitive 
to saturated hydraulic conductivity because the rainfall rates were generally lower than the 
tested range of saturated hydraulic conductivity values. 

Model and Data Limitations 
Calibration and validation were completed for a specific time period and range of streamflow, 
and therefore it is uncertain how the model will perform under different conditions. To 
understand how representative the rainfall for the period of the SWAT model simulation 
compared to a longer time period, more representative of long-term climate in the Hanalei River 
watershed, we used spatially interpolated maximum rainfall values for 1-hour and 24-hour 
periods based on a 10-year return interval (Perica et al. 2011). The maximum hourly rainfall 
rate varied from 41.15 mm/hr to 59.95 mm/hr from the outlet to the headwaters of the basin 
during the analysis period. Mean maximum hourly rainfall rate with a 10-year recurrence 
interval for the entire watershed was 105 mm (with a maximum of 142 mm for higher reaches 
of the watershed). 

In terms of daily values, mean maximum daily rainfall total for the entire watershed for a 10-
year recurrence interval was 346 mm/d, compared to a maximum daily rainfall of 211.29 mm/d 
for the shorter analysis period considered. These results indicate that a longer period of analysis 
would be more representative of longer-term rainfall extreme events where rainfall values 
would be closer to observed infiltration capacity of soils measured in the field, and the resulting 
simulated streamflow would also be more representative of long-term conditions. 

The SWAT model is a practical tool that makes it possible to simulate complex natural systems 
through sets of mathematical equations representing the major components of the hydrologic 
cycle and hydrologic processes involved. Due to the assumptions and simplifications that must 
be made, error and uncertainty are built into the model. Models in general are limited by errors 
associated with the input data. The quality and accuracy of time-series data for precipitation, 
temperature, runoff, and wind speed affect the accuracy of the simulation results. 

Future Applications 
The SWAT model has adequately modeled the hydrology of the Hanalei River watershed 
running sub-daily using available 15-minute precipitation data and the Green and Ampt 
infiltration method. The SWAT_Hanalei model is a useful tool that could be used in the future to 
evaluate changes in streamflow and recharge (although not analyzed in this particular 
study) owing to climate change or land-cover change caused by various management practices. 
Vegetation-induced changes to Kfs could be more important in future climates with more 
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frequent and higher rainfall rates. Simulations with this type of climate forcing are needed to 
determine how vegetation-induced changes in infiltration could affect streamflow and recharge. 
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