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ABSTRACT 

 

Dead trees and tree ferns, known as coarse woody debris (CWD), play an integral 

role in carbon storage and seedling distribution in forests.  The primary objectives of this 

study were to determine whether CWD carbon pools varied across a mean annual 

temperature (MAT) gradient and whether seedling distribution was associated with CWD 

and environmental conditions in Hawaiian montane wet forests.  Coarse woody debris 

carbon pools were negatively correlated with MAT, indicating that CWD may become a 

net source of carbon to the atmosphere as MAT rises.  Seedling densities were greater on 

CWD than soil, highest on bare and bryophyte cover, and negatively correlated with litter 

cover, plant available water, and N, Al, Zn, Mn, Fe, Mg, and S availability.  These results 

demonstrate that CWD is an important carbon pool and microsite for seedlings that may 

decrease with warming, which has large implications for carbon dynamics and future 

forest composition.   
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CHAPTER 1 

Introduction 

 

Decayed wood is not old, but has just begun to be what it is. 

 – Henry David Thoreau, Journal 

 

Coarse woody debris (CWD; defined here as fallen and standing dead trees and 

tree ferns) is an important structural and functional component of forest ecosystems 

(Harmon et al. 1986; Franklin et al. 1987; Carey et al. 1994; McComb and Lindenmayer 

1999).  Coarse woody debris stores and releases nutrients (Holub et al. 2001; Brais et al. 

2006; Kuehne et al. 2008; Palviainen et al. 2008), provides recruitment and establishment 

sites for tree seedlings (Harmon and Franklin 1989; Gray and Spies 1997; Christie and 

Armesto 2003), and contributes to soil formation (McComb and Lindenmayer 1999; 

Lindenmayer and Noss 2006) and hydrologic cycling (Brais et al. 2005; Lindenmayer 

and Noss 2006).  One of the most widely studied functions of CWD in forests is the 

habitat that it provides organisms (Maser et al. 1979; Stevens 1997; McComb and 

Lindenmayer 1999), which in turn influences species composition (Spies et al. 1988; 

Liao et al. 2003; Sanchez et al. 2009) and biodiversity (Jonsson et al. 2005; Paletto and 

Tosi 2010).  

Tree ferns are particularly important in tropical and temperate rain forests (Becker 

1976; Walker and Aplet 1994; Bystriakova et al. 2011) and play a variety of important 

ecological roles in tropical forests, including nutrient cycling (Walker and Aplet 1994) 

and provision of substrate for epiphytes (Moran et al. 2003; Coomes et al. 2005; Roberts 

et al. 2005).  Tree ferns in Hawaiian forests form a closed canopy in the midstory and 

understory that supports a variety of epiphytes (Durand and Goldstein 2001).  However, 

this dense canopy can also result in understory seedling mortality from shading (Burton 

and Mueller-Dombois 1984) and physical disturbance associated with senescent fronds 

(Drake and Pratt 2001).  As a result, tree ferns both support and suppress seedling 

establishment, and in doing so influence patterns of seedling distribution in forests.  

Currently, there is little information available on the role dead tree ferns play in forests 
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with respect to carbon (C) storage, although there is some information on its role in 

providing sites for seedling recruitment in Hawaiian wet forests (Burton and Mueller-

Dombois 1984; Durand and Goldstein 2001).   

The objectives of Chapter 1 are to (1) highlight the ecological importance of 

CWD with respect to its role in C cycling and seedling distribution in Hawaiian tropical 

montane wet forests (MWFs), and (2) outline the objectives for Chapter 2 (CWD and C 

storage) and Chapter 3 (CWD and seedling distribution).  The overall objective of my 

research is to elucidate the role of CWD in C storage and forest regeneration in Hawaiian 

MWFs.  As climate change and non-native plant species are likely to impact the structure 

and function of Hawaiian MWFs (Loope and Giambelluca 1998), understanding CWD 

dynamics will become increasingly important for their conservation, restoration, and 

sustainable management. 

 

Coarse woody debris and climate change 

While the causes of tree death are complex (Franklin et al. 1987), large additions 

of CWD to the detrital pool are typically produced by forest disturbances (McComb and 

Lindenmayer 1999), particularly during late successional stages when trees are large 

(Spies et al. 1988).  During these later stages, stand-level dieback (Mueller-Dombois 

1987b), for example, can abruptly produce a significant amount of dead wood, which can 

then take hundreds of years to decompose completely (Maser et al. 1984).  Coarse woody 

debris is also commonly produced as a result of density-dependent mortality during the 

stem exclusion phase of forest development (Franklin et al. 1987; McComb and 

Lindenmayer 1999).   

The balance between inputs of CWD via tree mortality and outputs via 

decomposition ultimately determine the quantity of CWD in unmanaged forests (Harmon 

et al. 1986; Clark et al. 2002).  The quantity of CWD inputs in a forest is determined by 

net primary productivity, live tree turnover rate, successional stage, and disturbance 

regime.  In Hawaiian MWFs, Hart (2010) estimated the annual mortality rate of 

Metrosideros polymorpha, the dominant canopy species of mature forests, to be 1.1% per 

hectare, which is equivalent to one large M. polymorpha tree death per hectare every 4-5 
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years.  However, some of these forests also periodically (every 300-400 years) experience 

large-scale dieback events (Mueller-Dombois 1987a, 1987b, 2000), and thus mortality 

may also occur in infrequent and large pulses.  The mean residence time of CWD and its 

output is determined primarily by decomposition rate, which is in turn controlled by 

climate and substrate quality (e.g., decay resistance and size of CWD) (Harmon et al. 

1995; Maser et al. 1979).  In a Venezuelan tropical MWF, the half-life of CWD has been 

estimated to be 5-23 years, with decomposition rates between 0.03 to 0.13 year
-1 

(Delaney et al. 1998).  However, the residence time of CWD in Hawaiian MWFs is 

unknown.   

The important role of CWD in forest C storage has received increasing attention 

recently as a result of anthropogenic climate change (Chambers et al. 2000; Jomura et al. 

2007; Woodall and Liknes 2008a, 2008b; Weedon et al. 2009).  However, CWD is often 

neglected in ecosystem C inventories in tropical forests (Dixon et al. 1994; Raich et al. 

2006).  Across temperate and tropical forests, CWD has been shown to store substantial 

quantities of C (Spies et al. 1988; Fleming and Freedman 1998; Clark et al. 2002; Rice et 

al. 2004).  In tropical forests, CWD can account for up to 19-33% of total aboveground C 

(Delaney et al. 1998; Clark et al. 2002; Rice et al. 2004; Palace et al. 2007).  In 

undisturbed, old-growth moist tropical forests, CWD has been estimated to be 14.7 – 25.4 

Mg ha
-1

 (Clark et al. 2002; Raich et al. 2006).  Assuming that biomass is ~48% C (Asner 

et al. 2012), CWD C in moist tropical forests is similar to that in MWFs (Delaney et al. 

1998).  A large volume of CWD (237.5 m
3 

ha
-1

) has been estimated in a Hawaiian MWF 

on Maui (Santiago, 2000), but C estimates were not provided.  These prior studies 

demonstrate that CWD typically comprises an important fraction of aboveground C 

storage. 

Carbon storage in tropical forests is sensitive to changes in mean annual 

temperature (MAT) (Raich et al. 2006), which has implications for the global C cycle, 

given that low latitude tropical forests store ~59% of all C found in global forest 

vegetation (Dixon et al. 1994) and temperatures are projected to increase by as much as 

4°C by 2099 (IPCC, 2007).  Montane wet forests, in particular, are highly susceptible to 

climate-induced alterations resulting from amplified warming occurring at higher 
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elevations (Pounds et al. 1999; Nair et al. 2008).  Hawaiian MWFs are already 

experiencing accelerated warming relative to global averages (Giambelluca et al. 2008; 

Diaz et al. 2011).  It is highly uncertain how increased MAT will influence C dynamics 

in these forests, but Raich et al. (2006) reported that C storage did not vary with MAT in 

tropical moist forests.  While net primary productivity and live aboveground biomass 

increase with MAT in tropical forests (Luyssaert et al 2007; Raich et al. 1997; Raich et 

al. 2006), live biomass turnover and CWD biomass remain constant with MAT (Raich et 

al. 2006), suggesting that detrital decay rates must increase with MAT.  Indeed, 

Chambers et al. (2000) observed that MAT and the decomposition rate of coarse litter 

were positively correlated in tropical forests.   

However, there are predictions that C storage in CWD will decrease as 

temperature rises with global climate change.  Woodall and Liknes (2008a) found a 

negative correlation between CWD stocks and mean daily maximum temperature in 

temperate forests and proposed that CWD decomposition will increase faster than live 

tree turnover rates at warmer sites, and thus become a net source of CO2 to the 

atmosphere.  Therefore, it is as yet uncertain how C storage in CWD may change with 

warming. 

Like tree CWD, tree fern CWD has not been frequently studied.  To date, the 

most comprehensive study of tree ferns in Hawai‘i was conducted by Becker (1976) who 

examined their distribution and taxonomy throughout Hawai‘i.  There are no estimates of 

tree fern CWD C pools in Hawaiian forests and, therefore, it is unknown what 

contribution they make to total C storage in Hawaiian MWFs or how they will be 

affected by climate change.   

 

Seedling distribution on coarse woody debris 

Coarse woody debris plays a significant role in natural regeneration of forest 

ecosystems (Harmon et al. 1986; Cesari et al. 2010), primarily by providing sites for 

seedling establishment in both temperate (Harmon and Franklin 1989; Gray and Spies 

1997; Christie and Armesto 2003; Iijima and Shibuya 2010) and tropical forests (Burton 

and Mueller-Dombois 1984; Dalling et al. 1998; Santiago 2000; Sanchez et al. 2009).  In 
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Hawaiian MWFs, recruitment of several species, including M. polymorpha, occurs 

primarily on fallen CWD (Burton and Mueller-Dombois 1984; Mueller-Dombois 2000; 

Santiago 2000).  In these forests, the death of large trees creates canopy gaps that 

facilitate gap-phase regeneration, in which the fallen trees serve as habitat for seedling 

establishment (Hart, 2010).  Likewise, the death of a tree fern is also likely to create 

favorable establishment conditions, including seedbeds, in these forests. 

There are many hypotheses attempting to explain the mechanisms by which CWD 

serves as a favorable microsite for tree regeneration in forests.  Release from competition, 

soil pathogenic fungi, predation or disturbance by ungulates, allelochemicals, and 

standing water are several of the factors that may influence seedling establishment on 

CWD (Harmon and Franklin, 1989).  Seed-size (Lusk, 1995; Sanchez et al. 2009), 

moisture retention (Harmon et al. 1986; Iijima et al. 2006; Six and Halpern 2008),  

nutrient availability (Takahashi et al. 2000; Marx and Walters 2006), presence of 

mycorrhizal fungi (Maser et al. 1984; Marx 2005; Six and Halpern 2008), and light 

conditions (Bellingham and Richardson 2006; Iijima et al. 2007; Iijima and Shibuya 

2010) have also been proposed and examined as mechanisms influencing seedling 

establishment on CWD and soil.  Here, I discuss a few of the factors that influence 

seedling establishment, and therefore seedling distribution, on CWD and soil in Hawaiian 

MWFs. 

 

 Light 

In tropical wet forests, understory light availability is often a critically limiting 

resource (Denslow et al. 1990; Ruger et al. 2009; Walker 2000), and most plants show 

increased recruitment and growth in response to increasing light, although excessive 

direct solar radiation can negatively impact seedling growth (Heinemann and Kitzberger 

2006).  Understory light levels in Hawaiian MWFs are generally low, particularly where 

dense canopies of tree ferns are present (Burton and Mueller-Dombois 1984).  Treefall 

gaps, which are often occupied by the fallen tree, may create a light-rich microsite for 

potential seedling recruitment (Burton and Mueller-Dombois 1984; Hart 2010).  In 

Hawaiian MWFs, M. polymorpha grows in high densities on fallen logs, and exhibits 
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increased growth with increasing light availability (Burton and Mueller-Dombois 1984).  

However, the quantity of light available on different substrates that support seedlings in 

these forests (soil, tree fern CWD, tree CWD) and the influence it may have on seedling 

distribution has not been examined. 

 

 Nutrients  

The nutrient status of CWD and soil has the potential to influence seedling 

distribution patterns by affecting seedling growth and mortality.  Nutrients of particular 

interest due to their influence on plant growth include inorganic nitrogen (N) and 

phosphorous (P), which tend to increase in availability as CWD decomposes (Harmon et 

al. 1986; Holub et al. 2001; Laiho and Prescott 2004; Palviainen et al. 2008).  However, 

while available nutrients (especially N) in CWD increase with decomposition, CWD 

remains nutritionally poor compared to soil (Harmon et al. 1986, Marx and Walters 

2006).  Depending on the species, however, seedlings may not require high levels of 

nutrients, and therefore may not be sensitive to nutrient limitations (Takahashi et al. 

2000). 

 

Water 

Coarse woody debris generally has greater water holding capacity than soil 

(Harmon et al. 1986; Heinemann and Kitzberger 2006; Iijima et al. 2006; Six and 

Halpern 2008), and increased water content in CWD has been shown to positively 

influence seedling establishment in dry forests (Busby et al. 2010; Heinemann et al. 

2000).  However, in wet forest ecosystems such as those in Hawai‘i, water typically is not 

a limiting resource.  Thus, differences in water availability between substrates may not 

influence seedling establishment (Iacona et al. 2010).   

 

Bryophytes  

Bryophyte cover can promote or limit seedling establishment (Harmon et al. 

1986).  In temperate forests in the Pacific Northwest, CWD without bryophytes had poor 

seed retention, but deep bryophyte layers reduced available light for seedlings and, as a 
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result, seedling survival and growth (Harmon and Franklin 1989).  Thus, bryophyte cover 

may compete with seedlings for light (Iijima and Shibuya 2010).  In addition, bryophytes 

may not be an ideal seedbed because they dry quickly and may inhibit contact between 

the seedling and substrate (Harmon and Franklin 1989; Six and Halpern 2008). 

However, other studies suggest bryophyte cover creates conditions that promote 

seedling establishment.  Bryophytes may improve moisture retention as well as nutrient 

supply (Liao et al. 2003; Takahashi et al. 2000), and can also buffer CWD and soil from 

the extremes of desiccation and saturation (Iijima et al. 2006), thereby influencing 

seedling establishment and distribution.  In Hawaiian MWFs, native seedling recruitment 

occurs primarily on CWD covered with bryophytes (Burton and Mueller-Dombois 1984; 

Santiago 2000), but it is unclear whether substrate type or light, water, or nutrient 

availability influences this relationship. 

 

Litter 

Litter may also influence seedling distribution in forests by promoting or 

suppressing seedling establishment.  Like bryophytes, litter can reduce evaporation as 

well as physically retain seeds (Harmon and Franklin 1989) and enhance nutrient cycling 

(Takahashi et al. 2000), thereby promoting seedling establishment.  However, litter has 

been shown to reduce seedling abundance as a result of reduced light availability 

(Christie and Armesto, 2003), and removal of litter from the forest floor has been shown 

to increase seedling densities (Dalling and Hubbell 2002).  Litter accumulations are 

generally greater on soil than on CWD (Christy and Mack 1984; Sanchez et al. 2009), 

which may explain relatively higher seedling densities on CWD.  In Hawaiian MWFs, it 

remains unclear whether litter cover and depth is related to patterns of seedling 

distribution on CWD and soil. 

 

Research objectives 

The primary research objectives of my thesis were to (1) quantify C storage in 

CWD and determine whether it varies with MAT (Chapter 2) and (2) describe patterns of 

seedling distribution on CWD and soil (Chapter 3) in Hawaiian MWFs.  Quantification of 
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C storage in CWD (Chapter 2) was performed across a 13-18.2°C MAT gradient on the 

eastern slope of Mauna Kea on the Island of Hawai‘i.  For the seedling distribution study 

(Chapter 3), I used a block design in the Hawai‘i Experimental Tropical Forest on the 

Island of Hawai‘i to determine associations between seedling density, substrate type (tree 

CWD, tree fern CWD, and soil), and environmental conditions (light, plant available 

water, nutrient supply rate, cover, and pH). 
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CHAPTER 2 

Quantification of coarse woody debris carbon pools across a mean annual 

temperature gradient in Hawaiian montane wet forests 

 

ABSTRACT 

 

Coarse woody debris is an integral component of forest ecosystems.  Since CWD 

typically comprises a significant proportion of aboveground carbon (C) storage in 

tropical forests, quantifying CWD C pools will provide a more complete understanding 

of tropical forest ecosystem C storage, particularly in the context of global climate 

change.  The primary objectives of this study were to: (1) quantify CWD C pools in 

Hawaiian montane wet forests and (2) determine if CWD C pools vary with mean annual 

temperature (MAT).  Coarse woody debris C was quantified in nine 20 x 20 m plots 

across a 5.2°C MAT gradient, which was driven by an 800 m elevation gradient, on the 

eastern slope of Mauna Kea on the Island of Hawai‘i.  Coarse woody debris contained a 

substantial amount of C (44.3 ± 11.2 Mg ha
-1

), with most C (66.2%) found in moderately 

decayed CWD.  Overall, CWD pools ranged from 12.2 – 104.6 Mg ha
-1

 across the MAT 

gradient and decreased as MAT increased.  This negative relationship was driven by large 

accumulations of standing tree CWD at lower MATs.  These results suggest that CWD 

decomposition may increase more rapidly than net primary productivity with increasing 

MAT, and thus CWD may become a net C source to the atmosphere.  Coarse woody 

debris, therefore, plays an important role in ecosystem C storage in Hawaiian montane 

wet forests and will likely be impacted by rising MATs, which has large implications for 

stand carbon dynamics and future composition in these forests.   

Keywords: climate change, coarse woody debris, Hawai‘i, tree fern, tropical montane wet 

forest 
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INTRODUCTION 

 

Coarse woody debris (CWD), defined here as fallen and standing dead trees and 

tree ferns, is a critical structural and functional component of forest ecosystems (Franklin 

et al. 1987; Harmon et al. 1986; Maser et al. 1984; McComb and Lindenmayer 1999).  

Coarse woody debris plays several important ecological roles, including nutrient cycling 

(Brais et al. 2006; Holub et al. 2001; Kuehne et al. 2008), hydrologic cycling 

(Lindenmayer and Noss 2006; McComb and Lindenmayer 1999) and the provision of 

habitat for a diversity of organisms (Harmon et al. 1986; Maser et al. 1979; Stevens 

1997), including tree seedlings (Gray and Spies 1997; Harmon and Franklin 1989; 

Sanchez et al. 2009).  The role of CWD in ecosystem C storage has become increasingly 

important as a result of global climate change (Chambers et al. 2000; Jomura et al. 2007; 

Weedon et al. 2009; Woodall and Liknes 2008b).  In tropical forests, which at low 

latitudes store ~59% of the C in forest vegetation (Dixon et al. 1994),  CWD can account 

for up to 19-33% of total aboveground C storage (Clark et al. 2002; Delaney et al. 1998; 

Palace et al. 2007; Rice et al. 2004).  Given the substantial amount of C stored in CWD, 

it is important to understand the effects that climate change will have on CWD, as large 

amounts of C may be stored or released to the atmosphere as mean annual temperature 

(MAT) rises globally. 

Despite the importance of CWD, carbon studies in tropical forests often neglect to 

quantify CWD C pools (Dixon et al. 1994; Raich et al. 2006), and thus it is largely 

uncertain how C flux from CWD pools will affect the C balance in tropical forests as 

MAT increases.  Raich et al. (2006) found that CWD pools did not vary with MAT in 

moist tropical forests, which suggests that rising MATs will not affect CWD C pools.  

However, only nine studies had estimated CWD in tropical moist forests, making this 

finding tenuous.  In temperate forests in the U.S., CWD stocks were negatively correlated 

with mean daily maximum temperature across a latitudinal gradient (Woodall and Liknes 

2008b), suggesting that CWD decomposition rates may increase faster than CWD 

production at warmer sites, thereby resulting in reduced CWD in these forests as 



 11   
 

temperatures rise.  In Hawaiian tropical montane wet forests (MWFs), aboveground live 

biomass increases with MAT (Litton et al. 2011), but CWD decomposition rates are 

unknown.  Prior work has demonstrated that MAT and CWD decomposition are tightly 

correlated in tropical forests (Chambers et al. 2000), further highlighting the importance 

of quantifying CWD C pools in tropical forests and determining whether CWD C pools 

will change with rising MAT.  

Carbon stocks in tropical forests are sensitive to changes in MAT (Malhi and 

Phillips 2004), which is projected to increase by up to 4°C globally (IPCC 2007) and up 

to 8°C in tropical forests (Malhi and Phillips 2004) by 2099.  Montane wet forests, in 

particular, are highly susceptible to climate-induced alterations due to amplified warming 

occurring at higher elevations (Nair et al. 2008; Pounds et al. 1999).  Hawaiian MWFs 

are already experiencing accelerated warming relative to lower elevations (Diaz et al. 

2011; Giambelluca et al. 2008).  Large volumes of CWD have been reported in a 

Hawaiian montane cloud forest on Maui (Santiago 2000), and thus CWD may be an 

important component of total ecosystem C storage in these forests.   

 Tree ferns are an important component of many tropical and temperate MWF 

ecosystems (Becker 1976; Bystriakova et al. 2011).  In Hawaiian MWFs, tree ferns 

(Cibotium spp.) often dominate the understory and midstory.  However, as with tree 

CWD, tree fern CWD is typically ignored in C budget studies and there are, to my 

knowledge, no estimates of tree fern CWD for any tropical forest.  Thus, it is unknown 

what contribution tree fern CWD makes to total C storage in tropical forests, and whether 

this will be affected by future climate change. 

 The primary objectives of this study were to quantify CWD C pools in Hawaiian 

MWFs and to determine how CWD C pools vary with MAT.  I hypothesized that CWD 

in these forests would contain similar quantities of C found in tropical forests (Baker et 

al. 2007; Raich et al. 2006), but that CWD C pools would not vary with MAT because 

the increase in net primary productivity and decomposition rates in response to rising 

temperatures would offset each other (Raich et al. 2006).  To test this hypothesis, I 

quantified CWD C pools across a 5.2°C MAT gradient in MWF on the Island of Hawai‘i. 
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MATERIALS AND METHODS 

 

Study site 

The study was conducted in native tropical MWF in the Hawai‘i Experimental 

Tropical Forest (HETF; 19º56’41.3”N, 155º15’44.2”W) and the Hakalau Forest National 

Wildlife Refuge (Hakalau; 19º50’31.3”N, 155º17’35.2”W) on the windward slope of 

Mauna Kea on the Island of Hawai‘i.  The HETF and Hakalau contain large areas of 

intact, mixed Metrosideros polymorpha - Acacia koa forest.  In 2009, nine 20 m x 20 m 

permanent plots were established across a 5.2°C (13.0-18.2°C) MAT gradient (Figure 

2.1), which was driven by an elevation gradient (800 to 1600 m.a.s.l.) (Litton et al. 2011).  

To control for disturbance history, plots in HETF were selected such that they were 

located within 10% of the maximum biomass at each target MAT.  Plots in Hakalau were 

selected using ground-based surveys, since remote-sensing data was not available (Litton 

et al. 2011).  All plots were located in mature, moderately aggrading forest (Litton et al. 

2011).  

Vegetation in all plots is dominated in the upper canopy by M. polymorpha 

Gaudich. and in the mid-canopy by Cheirodendron trigynum (Gaudich.) Heller and three 

Cibotium spp. (Sm.) Hook. and Arn. tree fern species, of which C. glaucum and C. 

menziesii are the most common.  Stand basal area increases with MAT, while stand 

density decreases with MAT (Litton et al. 2011).  Substrate in all plots is 14-65 ky 

weathered tephra, and soils are moderately to well-drained Acrudoxic Hydrudands of the 

Akaka, Honokaa, Maile, and Piihonua soil series (Litton et al. 2011).  Mean annual 

precipitation varies from ~3,200 mm at the coolest plot to ~4,200 mm at the warmest 

plot, but soil water balance is high and constant across the MAT gradient (Litton et al. 

2011). 

 

Coarse woody debris sampling 

In 2009, fallen and standing CWD ≥ 2 cm diameter was sampled across the MAT 

gradient within each 20 x 20 m plot.  Coarse woody debris at an angle < 45° with the 
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ground was considered fallen and CWD at an angle > 45° with the ground was 

considered standing (Harmon and Sexton 1996).   

 

Fallen coarse woody debris 

Carbon mass (Mg ha
-1

) of each fallen tree and tree fern CWD piece was 

calculated as the product of volume, density and C content.  Within each plot, the line 

intersect-method was used to estimate fallen CWD volume across thirteen parallel 20 m 

transects (260 m total transect length) spaced 1.5 m apart.  Volume per unit area (V; m
3
 

ha
-1

) of fallen CWD was calculated as V = π
2
 ∑d

2 
/ 8L, where d (in centimeters) is the 

diameter of the CWD piece where it intersects the transect, and L (in meters) is the length 

of the transect (Harmon et al. 1986; Palace et al. 2008).  Asymmetrical pieces were 

measured according to Woldendorp et al. (2004), in which the mean of the minimum and 

maximum was used for the diameter measurement. 

To calculate CWD biomass, each piece of CWD was assigned to a decay class 

modified from  Maser et al. (1984) and Keller et al. (2004) (Table 2.1).  Decay classes 1-

4 were successively more decomposed tree CWD, and tree fern CWD comprised its own 

decay class.  Coarse woody debris biomass was calculated as the product of CWD 

volume and decay class-specific densities.  Densities (dry mass/green volume) for each 

decay class were quantified from cross-sections of debris collected in situ using the water 

displacement method (Chave et al. 2006) (Table 2.1).  The one exception was for Decay 

Class 1, which was based on live wood density of M. polymorpha (Asner et al. 2011).  

Here, it was assumed that M. polymorpha comprised the majority of CWD since it was, 

on average, >80% of the basal area of live trees in each plot (D.K. Iwashita, unpublished 

data).  Void space (Chao et al. 2008) was not quantified and, as a result, CWD C mass 

reported here may be slightly overestimated. 

To calculate CWD C content, 6 - 25 samples were randomly chosen from each 

decay class and were finely ground on a ball mill to pass through a #40 sieve.  A well-

homogenized subsample was analyzed for percent C content on a Costech 4010 

Elemental Combustion system (Valencia, CA) at the University of Hawai‘i at Hilo 
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Analytical Lab.  The C content of CWD was then calculated as the product of CWD 

biomass and decay class-specific C concentrations. 

Longer transect lengths than those used here are often recommended for 

estimating CWD (Woldendorp et al. 2004).  In order to determine if the  thirteen 20 m 

transects precisely estimated fallen CWD C in these forests, fallen CWD was also 

quantified using longer transects (six 90 m transects for a total of 540 m) spaced 10 m 

apart immediately outside of seven of the nine permanent plots (13.0°C, 13.8°C, 15.1°C, 

15.5°C, 16.1°C, 16.7°C and 17.3°C).  The same methods were used to calculate C mass 

for the longer transects as were used for the 20 m transects.  Coarse woody debris C 

estimates from the thirteen 20 m transects versus the six 90 m transects were marginally 

different for fallen tree CWD (P = 0.07), but were not significantly different for fallen 

tree fern CWD (P = 0.39) or for total fallen CWD (P = 0.12).  Based on the similarity 

between the C estimates in CWD from the shorter versus longer transects, the original 

2009 data based on thirteen 20 m transects spaced were used for all analyses in this study. 

 

Standing coarse woody debris 

Standing CWD was sampled within the entirety of each plot (400 m
2
).  For intact 

standing coarse woody debris (i.e., snags), biomass was estimated with the generalized 

wet forest allometric equation (Model II.3) from Chave et al. (2005).  This equation has 

been shown to accurately estimate biomass for individual M. polymorpha trees (Litton 

and Kauffman 2008).  For broken snags > 1.3 m, height was visually estimated and used 

to calculate biomass using the wet forest allometric equation (Model I.3) from Chave et 

al. (2005).  For snags < 1.3 m height and for all standing dead tree ferns, the top and 

bottom diameters of each piece were measured, and volume was estimated as the frustum 

of a cone (Fraver et al. 2007).  The same decay classes and densities for fallen CWD 

were utilized for standing CWD, and C pools were calculated as the product of biomass 

and C content (intact snags) or volume, density and C content (broken snags).  
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Statistical analysis 

All statistical analyses were conducted in Minitab 16 (Minitab Inc., State College, 

PA).  To compare carbon storage among fallen and standing tree and tree fern CWD, a 

Kruskal-Wallis test and post-hoc Tukey’s test was performed.  Linear regressions were 

used to determine whether CWD C varied across the MAT gradient.  Response variables 

were log-transformed if they did not pass normality and homogeneity of variance tests.  

Figures show non-transformed data for ease of interpretation. 

 

RESULTS 

 

CWD carbon pools 

The total CWD C pool ranged from 12.2 – 104.6 Mg ha
-1

 (Table 2.2), averaging 

44.3 (± 11.2 SE) Mg ha
-1

 across all plots, with ~80% and 20% contained in tree CWD 

and tree fern CWD, respectively (Table 2.3).  Total volume of tree CWD and tree fern 

CWD was 242.9 (83.1) m
3 

ha
-1

 and 119.4 (18.7) m
3 

ha
-1

, respectively. Mean fallen and 

standing tree CWD C pools were nearly equal (Table 2.3) and, along with fallen tree fern 

CWD C pools, were significantly greater than standing tree fern CWD C pools (P < 0.05 

for all cases; Figure 2.2).  The majority of total CWD C (25.9 Mg ha
-1

, 58.4%) was found 

in the fallen pool.  Among decay classes, the largest quantity of CWD C (29.34 Mg ha
-1

, 

66.2%) was found in moderately decayed wood (Class 2; Table 2.3), where the highest 

proportion of both fallen and standing CWD pieces was also found (Figure 2.3).  Less 

than 0.1% of total CWD C was found in freshly decayed CWD (Class 1), and only 13.6% 

of total CWD C was found in CWD of advanced decay stages (Classes 3 and 4) (Table 

2.3).  For standing tree CWD, there was a disproportionate amount of C stored in 

moderately decayed CWD owing to a few large snags  (Table 2.3, Figure 2.3) 

There were a total of 1,355 fallen and 157 standing pieces of CWD surveyed in 

this study.  The majority of CWD pieces were found in smaller diameter size classes, 

especially tree CWD (Figure 2.4a).  The number of pieces per class generally decreased 

as diameter size class increased.  In contrast to the distribution of CWD pieces (Figure 

2.4a), CWD C pools were more evenly distributed across diameter size classes (Figure 
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2.4b).  The vast majority of CWD C (> 70%) was found in pieces 2 to 10 cm diameter, 

but this large fraction accounted for ~6% of the total carbon pool.  Since volume 

increases geometrically with size (Harmon et al. 1986), a handful of large CWD pieces 

(snags ≥ 60 cm diameter) stored a large fraction of CWD C (Figure 2.4b).  In contrast, the 

shape of the tree fern CWD C distribution roughly followed the shape of its diameter size 

class distribution, with the exception of relatively low C mass for the 10-20 cm diameter 

size class. 

 

CWD and mean annual temperature 

Total CWD C pools decreased as MAT increased (R
2 

= 0.45, P = 0.048, y = 

261.511 - 13.785x; Figure 2.5a).  This negative relationship was driven by total tree 

CWD C (R
2 
= 0.55, P = 0.022, y = 280.195 – 15.538x; Figure 2.5a), since total tree fern 

CWD C showed a marginally significant increase with MAT (R
2 

= 0.37, P = 0.084; 

Figure 5a).  Fallen tree fern CWD C increased with MAT (R
2 

= 0.48, P = 0.040, y = -

25.169 + 2.113x; Figure 2.5b), while standing tree fern CWD C decreased as MAT 

increased (R
2 

= 0.60, P = 0.014, y = 6.485 – 0.360x; Figure 2.5c).  Standing CWD C 

decreased as MAT increased (R
2 

= 0.58, P = 0.017, log y = 7.292 – 0.428x; Figure 2.5c); 

this trend was driven primarily by the negative relationship between MAT and standing 

tree CWD C (R
2 

= 0.51, P = 0.032, log y = 7.702 – 0.466x; Figure 2.5c).  Standing tree 

CWD C also had a substantial influence on the overall negative relationship between total 

CWD C and MAT, particularly since standing tree CWD C was much greater at lower 

MATs owing to the small number of very large snags at those sites. Thus, there was a 

sudden shift in the distribution of tree CWD C at 15.5°C (Figures 2.5a and 2.5c), whereas 

tree ferns CWD C pools were more evenly distributed across the MAT gradient. 

 

DISCUSSION 

 

CWD carbon pools 

The quantity of CWD C found in this study (44.3 Mg ha
-1

) was much higher than 

CWD C values reported in other tropical forests.  In undisturbed, old-growth moist 
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tropical forests, CWD C pools have been estimated to be 14.7 – 25.4 Mg ha
-1

 (Clark et al. 

2002; Raich et al. 2006).  Assuming that biomass is ~48% C (Asner et al. 2012), CWD C 

pools in tropical MWFs (16.6 Mg ha
-1

 [Delaney et al. 1998]) falls within the same range 

as those in moist tropical forests.  Importantly, the tree CWD volume estimated here is 

very similar to the tree CWD volume (237.5 m
3 

ha
-1

) estimated in a Hawaiian MWF on 

Maui (Santiago 2000), suggesting that these forests in general contain relatively large 

quantities of CWD C.   

The large CWD C stocks observed here may result from overall greater net 

primary productivity, and hence greater CWD inputs, in these forests than other tropical 

forests. As such, the percent of total aboveground C in CWD likely provides a better 

indication of the importance of CWD to ecosystem C storage in these forests, as well as a 

better means of comparing CWD C pools with those in other forests.  Based on total 

aboveground biomass estimates for forests in the larger study area (Asner et al. 2009) and 

the assumption that CWD is 48% carbon, CWD C pools quantified in this study 

constituted ~23% of total aboveground C pools.  This proportion of aboveground C 

storage in CWD is similar to estimates of 19-26% for tropical forests in the Amazon and 

Venezuela (Delaney et al. 1998; Palace et al. 2007; Rice et al. 2004).  Thus, the large 

quantity of CWD C quantified here appears to be primarily driven by the total amount of 

aboveground live biomass contained in Hawaiian MWFs.   

The large quantities of CWD C observed were also influenced by the decay class 

distribution of CWD C pools.  Moderately decayed (Class 2) tree CWD C pools 

accounted for > 80% of fallen and standing tree CWD C.  Large quantities of moderately 

decayed wood may result from a variety of factors, including the successional stage of 

the forest (Spies et al. 1988) and/or the long residence time of moderately decayed CWD 

(Harmon et al. 1986; Harmon et al. 2008).  Stand dieback of M. polymorpha, which 

occurs periodically (every 300-400 years) in some Hawaiian MWFS, may explain the 

large quantities of highly decayed wood observed in a MWF on Maui (Santiago 2000), 

and may contribute to the large pulses of decay class 2 CWD observed in this study.  

However, mean residence times of CWD and CWD decay rates have not been estimated 



 18   
 

in Hawaiian MWFs, and therefore it is difficult to determine whether the quantity of C 

stored in moderately decayed CWD is higher than would normally be expected. 

Tree fern CWD C pools accounted for a substantial proportion of total CWD C 

(~20%), particularly for fallen CWD C (31.4%).  While little is known about tree fern 

dynamics in Hawaiian MWFs or in other forests globally, it is clear that they contribute 

significantly to the CWD C pool.  However, it is unclear whether tree fern CWD C inputs 

result primarily from mortality caused by competition, canopy disturbance or 

successional stage, or by feral pig (Sus scrofa; wild boar) activity, since feral pigs are 

known to damage tree ferns (Becker 1976; Nogueira et al. 2009) and are widely 

distributed in the study area. 

 

CWD and mean annual temperature 

The hypothesis that CWD C would not vary with MAT was not supported in most 

cases.  Since total basal area, and therefore C storage in live biomass, increases with 

MAT in Hawaiian MWFs (Litton et al. 2011), the decrease in total CWD C as MAT 

increases suggests that either the live tree turnover rate decreases as MAT increases, the 

decomposition rate increases faster than net primary productivity (NPP) with MAT, or a 

combination of the two.  Decreasing live tree turnover rates with increasing MAT is 

unlikely for explaining larger quantities of CWD C at lower MATs, since Raich et al. 

(2006) found that live tree turnover rate does not vary with MAT in a larger dataset of 

moist tropical forests.  However, increasing decomposition rates with temperature have 

been observed in tropical forests (Chambers et al. 2000).  Thus, it appears that while NPP 

and CWD inputs increase with MAT, CWD decomposition rates increase with MAT at a 

faster rate than NPP.  This accelerated decomposition rate has been observed in temperate 

forests in the United States (Woodall and Liknes 2008a, 2008b), and also suggests that C 

storage in CWD will decrease as MAT increases.  CWD would, under this scenario, 

eventually become a net C source to the atmosphere in these forests as MAT rises. 

The negative relationship between MAT and CWD C was not consistent between 

fallen and standing tree CWD, however, and thus it is uncertain whether decomposition 

rates (influenced by contact with the ground or wind, different wood-decomposing fungi 
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species, moisture, etc.) differ between standing and fallen pools of CWD.  However, the 

main difference between fallen and standing tree CWD C pools was the high 

accumulation of standing tree CWD C at lower MATs.  In the study area, large CWD C 

pools at low MATs largely drives the negative relationship between CWD C and MAT, 

since there is no relationship between total CWD C and MAT at MATs ≥ 15.5°C.  

Relatively high accumulations of CWD at cooler MATs have been observed in both 

tropical and temperate forests (Raich et al. 2006; Woodall and Liknes 2008b).  The 

abrupt shift in CWD C pools between cooler and warmer MATs observed here may be a 

result of increased NPP accompanied by a lag in mortality at warmer MATs, which has 

been observed in tropical forests (Lewis 2006).  Other climatic factors such as moisture, 

which increases decomposition rates (Woodall and Liknes 2008a), different forest 

dynamics at different elevations along the MAT gradient, or the small sample size may 

also explain the relatively large standing CWD C pool accumulations at lower MATs.   

As compared to tree CWD C, tree fern CWD C was distributed more evenly 

across the MAT gradient, and fallen tree fern CWD C pools increased with MAT, which 

suggests that tree ferns may respond to increasing MATs differently than tree CWD.  As 

with tree CWD, it is unclear why standing and fallen tree fern CWD showed opposite 

trends with MAT.  Because there is little known about tree ferns, more research is 

necessary to understand tree fern CWD dynamics, and the effects  that rising MAT and 

feral pigs may have on them, in these forests. 

 

CONCLUSION 

 

In Hawaiian MWFs, total C storage in CWD decreased with MAT, primarily due 

to large accumulations of standing tree CWD C at lower MATs.  This negative 

relationship suggests that decomposition rates are increasing with MAT faster than net 

primary productivity (NPP) is increasing with MAT, which may result in net emissions of 

CO2 to the atmosphere from CWD as MATs continue to rise.  Given the large CWD C 

pools quantified in this study for Hawaiian MWFs (44.3 Mg ha
-1

; ~23% of total 

aboveground C storage), and given that a 1°C increase in MAT in tropical forests can 
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potentially release vast amounts of C into the atmosphere (Raich et al. 2006), 

understanding the role of CWD in C storage will become increasingly important, both 

locally and globally, as MATs rise due to global climate change.  Decreasing quantities 

of CWD may indirectly influence succession in forests, since CWD is an important 

regeneration site for dominant tree species in temperate and tropical forests (Harmon and 

Franklin 1989, Sanchez et al. 2009), including Hawaiian MWFs (Cooray 1974; Santiago 

2000).  At a broader scale, changes in atmospheric CO2 concentrations may alter 

microclimates critical to sustaining resources, such as water, and in doing so change the 

structure and function of forests.  Because disturbance regimes and successional 

dynamics will most likely be impacted by climate change, predicting responses of CWD 

and total aboveground C pools to rising MATs poses many challenges, particularly in 

Hawaiian MWFS, where more information is needed on CWD dynamics, including 

decomposition rates. 
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Table 2.1.  Description of coarse woody debris decay classes, with mean wood density and mean carbon content, in Hawaiian 

montane wet forests. 

 

                

Decay   Description    Density   Carbon     

class
a
       (g cm

-3
) (SE) n   (%) (SE) n 

1 

   

Solid, fresh wood with leaves and/or fine twigs 

attached; bark intact   

     0.69
b 

 

- 

 

- 

   

46.3 

 

(0.71) 

 

6 

 

2 

   

Solid or decaying sapwood; heartwood solid; 

bark sloughing off or absent; round in shape   

     0.39 

 

(0.02) 

 

42 

   

46.8 

 

(0.26) 

 

26 

 

3 

   

Heartwood and sapwood decayed; broken when 

stepped on; round to elliptical in shape   

     0.16 

 

(0.02) 

 

14 

   

47.6 

 

(0.79) 

 

9 

 

4 

 

   

Rotten and friable; easily broken apart with 

hands; elliptical in shape; often scattered across 

forest floor   

     0.07 

 

 

(0.00) 

 

 

7 

 

   

47.9 

 

 

(0.77) 

 

 

7 

 

 

Tree fern   No live fronds attached        0.17 (0.02) 8   47.7 (0.85) 8 
 

        

a
 Modified from Maser et al. (1984) and Keller et al. (2004).                 

b
 Based on live wood density of Metrosideros polymorpha (Asner et al. 2011).  

  
              



 

 
 

2
2
 

Table 2.2.  Total, fallen, and standing carbon pools across a mean annual temperature (MAT) gradient in Hawaiian montane 

wet forests. 

Plot & Elev.  

(m.a.s.l.) 

MAT
a 

(°C) 

MAP
b 

(mm)
 

Total carbon 

pool (Mg ha
-1

) 

Fallen CWD carbon pool  

(Mg ha
-1

) 

Standing CWD carbon pool  

(Mg ha
-1

) 

   

  
 

Total Tree Tree fern Total Tree Tree fern 

HAK 1600 13.0 3195 70.1 23.9 23.3 0.6 46.1 68.0 1.4 

HAK 1468 13.8 3488 85.0 51.3 49.4 1.9 33.7 81.0 2.1 

WPL 1274 15.1 3448 104.6 25.5 11.9 13.5 79.2 89.4 1.7 

WPL 1204 15.5 3521 14.9 13.2 5.0 8.2 1.6 6.0 0.7 

WPL 1116 16.1 3714 35.1 33.1 19.9 13.2 2.0 21.9 0.0 

SPE 1116 16.1 3988 12.2 11.4 5.1 6.3 0.9 5.2 0.8 

SPE 1024 16.7 4043 31.3 31.1 25.7 5.4 0.2 25.9 0.0 

SPE 934 17.3 4133 23.1 22.4 12.8 9.6 0.7 13.2 0.3 

SPE 800 18.2 4204 22.6 20.9 6.6 14.3 1.7 7.8 0.4 
                    

a
 Calculated from 1961-1990 at the Hilo International Airport (8 m.a.s.l.) and the environmental lapse rate (6.49 °C 1000 m

-1
). 

b
 Mean annual precipitation (MAP). 
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Table 2.3.  Total, fallen, and standing tree and tree fern coarse woody debris carbon 

pools (mean ± SE) by decay class in Hawaiian montane wet forests (n = 9).   

Decay    Total (Mg ha
-1

)  Fallen (Mg ha
-1

)    Standing (Mg ha
-1

)  

class   Carbon  (SE)   Carbon  (SE)   Carbon  (SE)   
 

                      

  1   0.01 (0.01)   0.01 (0.01)   0.00 (0.00)   

  2   29.34 (9.73)   14.22 (4.17)   15.12 (8.66)   

  3   5.90 (3.52)   3.39 (1.43)   2.52 (2.17)   

  4   0.13 (0.08)   0.13 (0.08)   0.00 (0.00)   

 Tree fern   8.94 (1.58)   8.12 (1.67)   0.82 (0.25)   

  Total   44.32 (11.20)   25.87 (4.72)   18.45 (9.49)   
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Figure 2.1.  Experimental plots located across a 13-18.2°C mean annual temperature 

gradient on the eastern slope of Mauna Kea on the Island of Hawai‘i.  Seven plots were 

located in the Hawai‘i Experimental Tropical Forest (HETF) and two were located in 

Hakalau Forest National Wildlife Refuge (Hakalau). Mean annual temperature is given 

next to each plot in °C. 

 

  

 

Island of Hawai‘i 
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Figure 2.2.  Mean (+SE) carbon in fallen and standing coarse woody debris (CWD) pools 

in Hawaiian montane wet forests.  Means sharing the same letters are not significantly 

different at P < 0.05 (one way ANOVA, post-hoc Tukey’s test). 
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Figure 2.3.  Proportion of fallen and standing coarse woody debris (CWD) pieces by 

decay class in Hawaiian montane wet forests.   
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Figure 2.4.  Diameter size class distributions of (a) proportion of coarse woody debris 

(CWD) individual pieces (total 1355 fallen, 157 standing) and (b) proportion of carbon 

stored in CWD in Hawaiian montane wet forests.  Note break in y-axis for 2.4b. 
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Figure 2.5.  Relationship between mean annual temperature and coarse woody debris 

(CWD) carbon pools: (a) Total (Total: R
2 

= 0.45, P = 0.048; Tree: R
2 

= 0.55, P = 0.022; 

Tree fern: R
2 

= 0.37, P = 0.084), (b) fallen (Total: R
2 

= 0.13, P = 0.34; Tree: R
2 

= 0.30, P 

= 0.13; Tree fern: R
2 

= 0.48, P = 0.040), and (c) standing (Total: R
2 

= 0.58, P = 0.017; 

Tree: R
2 

= 0.51, P = 0.032; Tree fern: R
2 

= 0.60, P = 0.014) in Hawaiian montane wet 

forests. Solid lines represent regressions between MAT and total CWD, dashed lines 

represent tree CWD, and dash-dot lines represent tree fern CWD. 
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CHAPTER 3 

Environmental conditions associated with tree seedling distribution in a Hawaiian 

montane wet forest 

 

ABSTRACT 

 

Coarse woody debris (CWD) provides important substrate for native tree 

seedlings in tropical forests.  The main objective of this study was to determine 

associations between seedling distribution, substrate type (tree CWD, tree fern CWD, and 

soil), and environmental conditions (light, plant available water, nutrient supply rate, pH, 

and bryophyte and litter cover) in a Hawaiian montane wet forest on the Island of 

Hawai‘i.  Environmental conditions and seedling abundance on each substrate were 

quantified using a block design.  Seedling densities were nearly identical on tree and tree 

fern CWD (22.5 seedlings m
-2

) and were significantly lower on soil (3.0 seedlings m
-2

).  

Coarse woody debris had higher percent bryophyte cover, lower percent litter cover, and 

lower plant available water, and lower nutrient supply rates than soil.  Higher seedling 

densities were found on bare and bryophyte cover than on litter cover on all substrates.  

When substrates were pooled, seedling density was positively correlated with bryophyte 

cover and pH and negatively correlated with litter cover, plant available water, and N, Al, 

S, Zn, Mn, Mg, and Fe supply rates.  However, these relationships were driven by 

differences between substrates, whose environmental conditions often had non-

overlapping ranges.  Generally, within each substrate, there was no association between 

environmental conditions and seedling density.  Overall, seedlings were distributed 

primarily on litter-free CWD with relatively low nutrient supply rates.  The results of this 

study will be useful for understanding regeneration patterns in Hawaiian montane wet 

forests, particularly with respect to their conservation and restoration. 

 

Keywords: coarse woody debris, cover, nutrient supply rate, regeneration, substrate, tree 

fern 
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INTRODUCTION 

 

Coarse woody debris (CWD), defined here as fallen and standing dead trees and 

tree ferns, plays an integral role in natural regeneration in forest ecosystems by providing 

sites for seedling establishment (Harmon and Franklin 1989; Harmon et al. 1986; 

Sanchez et al. 2009).  In Hawaiian montane wet forests (MWFs), where tree seedling 

densities tend to be low (Burton and Mueller-Dombois 1984), recruitment of several 

species, including the dominant canopy tree Metrosideros polymorpha, occurs primarily 

on bryophyte-covered substrates, including CWD (Burton and Mueller-Dombois 1984; 

Cooray 1974; Mueller-Dombois 2000; Santiago 2000).  However, there is little 

information on the environmental conditions that influence seedling establishment on 

CWD in Hawaiian MWFs.  Because climate change and the invasion of non-native 

species are projected to have negative impacts on these forests (Loope and Giambelluca 

1998), information on patterns of seedling establishment and natural regeneration will 

become increasingly important for their conservation, restoration, and sustainable 

management. 

Several hypotheses have been posed to explain patterns in seedling establishment 

and distribution on CWD and soil (Harmon and Franklin 1989).  Light conditions created 

by fallen CWD (Bellingham and Richardson 2006; Iijima and Shibuya 2010; Iijima et al. 

2007), nutrient availability (Marx and Walters 2006; Takahashi et al. 2000), moisture 

retention (Iijima et al. 2006; Six and Halpern 2008), bryophyte cover and depth (Harmon 

and Franklin 1989; Iijima and Shibuya 2010; Liao et al. 2003), and litter accumulation 

(Christie and Armesto 2003; Christy and Mack 1984; Sanchez et al. 2009) have all been 

suggested to influence seedling establishment, thereby influencing patterns of seedling 

distribution.  In Hawaiian MWFs, bryophyte cover is the most important variable 

controlling seedling densities on CWD (Santiago 2000).  However, environmental 

conditions, including litter cover, light, water, and nutrient availability, have not been 

examined on CWD, and therefore no comparison exists between environmental 

conditions on CWD versus soil that may provide insight into patterns of seedling 

distribution in these forests. 
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Light is one of the most critically limiting resources in tropical wet forests 

(Denslow et al. 1990; Ruger et al. 2009).  Most plant species show increased seedling 

establishment in response to increasing light (Heinemann and Kitzberger, 2006; Holste et 

al. 2011), and thus light may affect seedling distribution.  While M. polymorpha seeds 

can germinate in the shade, they are only intermediately shade tolerant and require 

increased exposure to light in order to survive (Burton and Mueller-Dombois, 1984; 

Santiago, 2000).  Coarse woody debris may be exposed to greater light owing to its 

elevated position (Santiago 2000), and therefore may provide a more suitable 

environment than soil for seedlings. 

Water availability on CWD and soil may also influence seedling establishment, 

and therefore patterns of seedling distribution.  CWD generally has higher water holding 

capacity than soil (Harmon et al. 1986; Iijima et al. 2006), and  increased water content 

in CWD has been shown to positively influence seedling establishment in dry forests 

(Busby et al. 2010; Heinemann et al. 2000).  However, in wet forest ecosystems water is 

not typically a limiting resource, and thus differences in water availability between 

substrates are not as likely to influence seedling establishment (Iacona et al. 2010).  In 

addition, the Andisols that characterize many Hawaiian MWFs have extremely high 

water holding capacity, which may exceed the water holding capacity in CWD.  Thus, 

based on the high mean annual precipitation (>3,000 mm y
-1

) and the high water holding 

capacity of Andisols in Hawaiian MWFs on Mauna Kea,  it is unlikely that plant 

available water (PAW) will be a limiting resource for seedlings in these forests 

The nutrient status of CWD and soil has the potential to influence seedling 

distribution patterns by affecting seedling growth and mortality.  Nutrients of particular 

interest owing to their influence on plant growth include inorganic nitrogen (N) and 

phosphorous (P), which tend to increase in availability with decomposition (Holub et al. 

2001; Laiho and Prescott, 2004; Palviainen et al. 2008).  Despite the increase in nutrient 

availability with increasing decay, CWD is nutritionally poor relative to soil (Harmon et 

al. 1986, Marx and Walters 2006).  However, depending on the species, tree seedlings 

may not require high concentrations of nutrients (Takahashi et al. 2000), and therefore 

may not be limited by nutrient availability. 
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Bryophyte cover can promote or limit seedling establishment (Harmon et al. 

1986) and therefore influence patterns of seedling distribution.  Although deep bryophyte 

mats may reduce light availability for seedlings and thus negatively impact their 

establishment (Harmon and Franklin 1989; Iijima and Shibuya 2010), bryophyte cover 

can also promote seedling establishment by retaining seeds (Christie and Armesto 2003) 

and by improving moisture retention and nutrient availability (Liao et al. 2003; 

Takahashi et al. 2000; Vanderpoorten and Goffinet 2009).  Seedlings in Hawaiian MWFs 

establish primarily on bryophyte-covered substrates (Burton and Mueller-Dombois 1984; 

Santiago 2000) and, since bryophytes tend to grow in higher densities on CWD than on 

soil in these forests (Cooray 1974), bryophyte-covered CWD may support high seedling 

densities in these forests. 

Litter may also influence seedling distribution in forests.  Like bryophyte cover, 

litter cover can provide a buffer from the extremes of desiccation and saturation that 

affect seedling establishment (Iijima et al. 2006).  In addition, litter can physically retain 

seeds (Harmon and Franklin, 1989) and enhance nutrient cycling (Takahashi et al. 2000), 

thereby promoting seedling establishment.  However, litter often limits seedling 

establishment by reducing light availability (Dalling and Hubbell, 2002; Christie and 

Armesto, 2003) and by physical disturbance (Drake and Pratt, 2001).  The effect of litter 

cover on seedling establishment in Hawaiian MWFs remains uncertain.  Since litter 

generally accumulates to a greater extent on the forest floor relative to CWD (Christy and 

Mack, 1984; Sanchez et al. 2009) and since it has been shown to damage and bury 

seedlings in Hawaiian MWFs (Drake and Pratt, 2001), litter cover may play an important 

role in influencing patterns of seedling establishment in these forests. 

The objectives of this study were to (1) quantify seedling distribution on three 

substrates (tree CWD, tree fern CWD, and soil), (2) compare environmental conditions 

(light availability, plant available water, nutrient supply rates, and cover) across 

substrates, and (3) determine the relationships between seedling establishment and 

environmental conditions across and within substrate types.  I hypothesized that seedling 

density would be greater on CWD than on soil as a result of greater light availability and 

bryophyte cover on CWD, which would both be positively correlated with seedling 
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density.  This hypothesis was tested using a block design in which native woody seedling 

densities and environmental conditions (light availability, PAW, pH, nutrient supply rate, 

and cover) of tree CWD, tree fern CWD, and soil were quantified in a Hawaiian MWF on 

the Island of Hawai‘i.  

  

MATERIALS AND METHODS 

 

Study area 

The study was conducted in a Metrosideros polymorpha Gaudich –Acacia koa A. 

Gray MWF in the Hawai‘i Experimental Tropical Forest (HETF; 19º56’41.3”N, 

155º15’44.2”W) on the eastern slope of Mauna Kea on the Island of Hawai‘i.  Vegetation 

is dominated in the upper canopy by M. polymorpha and in the mid-canopy by 

Cheirodendron trigynum (Gaudich.) Heller and three Cibotium (Sm.) Hook. and Arn. tree 

fern species, of which C. glaucum and C menziesii are the most common.  The study area 

is located at 1,116 m.a.s.l., with a mean annual temperature of 16.1°C and a mean annual 

precipitation of 3,714 mm y
-1

 (Litton et al. 2011).  Substrate is 14-65 ky weathered tephra 

deposits, and soils were moderately to well-drained Acrudoxic Hydrudands of the 

Honokaa soil series (Litton et al. 2011).   

 

Field and laboratory measurements 

All field sampling took place between May and July 2011.  A block design was 

used to establish 31 blocks, each with a tree CWD, tree fern CWD, and soil plot.  The 

blocks were established along five 100 m transects, which were established at random 

bearings from the center of an existing permanent plot near the study area (Litton et al. 

2011), and were located outside of and at least 10 m away from the plot boundary.  

Where a piece of decay class 2 (moderately decayed; see Chapter 2, Table 2.1) tree or 

tree fern CWD ≥ 10 cm diameter intersected the transect, the overall area was inspected 

for the presence of native woody seedlings on any substrate to ensure the site was not 

limited by seed dispersal or other factors.  Seedlings were present on ~80% of the sites 

where CWD intersected the transect, but blocks were established only where tree or tree 
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fern CWD met the above criteria, and where tree CWD, tree fern CWD, and soil plots 

could be located within 5 m of one another.  

Soil plots were 1.0 x 0.75 m and generally were located between tree and tree fern 

CWD plots, with a 0.5 m minimum buffer from CWD to avoid direct shading.  Each tree 

and tree fern CWD plot was1 m long and as wide as the diameter of the tree or tree fern 

CWD at each end of the 1 m.  Surface area for CWD was determined following 

Schmalholz et al. (2011), and on average was 0.69 (±0.06) m
2
 for tree CWD plots and 

0.59 (± 0.02) m
2
 for tree fern CWD plots.    

To determine seedling densities on each substrate (tree CWD, tree fern CWD, and 

soil), I identified and counted all native woody seedlings, defined here as individuals that 

had true leaves and were ≤ 30 cm tall.  I also recorded the cover type and depth at the 

point where each native woody seedling was rooted.  Herbaceous and nonnative species 

were rarely encountered inside the plots. 

On each substrate, cover was measured using the line intersect method, in which a 

1-m transect was placed down the center of the long axis of each plot.  Cover type (bare, 

bryophyte, litter; Figure 3.1) was distinct from substrate type (CWD and soil).  Seedling 

density on each cover type was calculated as the sum of seedlings growing on each cover 

type (across all plots) divided by the sum of the area of the cover type (across all plots).  

Because I pooled seedling abundance and cover area across plots, I could not statistically 

test differences in seedling densities among cover types.  To assess whether seedling 

density was influenced by cover depth, I quantified the depth of each cover type on all 

sides of 10 x 10 cm subplots placed around M. polymorpha and C. trigynum seedlings in 

the area closest to the plot’s center.  Cover depth where seedlings were not present was 

sampled on all sides of a 10 x 10 cm subplots in the area closest to the plot’s center. 

Light availability, measured as penetration of photosynthetically active radiation 

(PAR), was measured with an AccuPAR LP-80 ceptometer (Decagon Devices Inc., 

Pullman, WA) below the canopy in each plot and with a LI-190 quantum sensor (LI-

COR, Lincoln, NE) in open canopy (pasture ~150 m from the study area) between 10:30 

and 13:30 on two uniformly overcast days.  The mean of four measurements taken ~30 

cm above each substrate surface was used for the below canopy measurement.  Percent 
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PAR for each substrate was determined by dividing the below canopy by the open canopy 

photosynthetic photon flux density values measured at the same time.   

To estimate plant available water (PAW; water retained in each substrate between 

field capacity and permanent wilting point), two samples from the top 5 cm of each 

substrate were taken from all blocks that contained CWD decomposed enough to sample 

(n = 26).  Plant available water was determined based on a modification of water holding 

capacity measurements in Mehltreter et al. (2005) and Roberts et al. (2005).  Samples 

were placed intact in 1” copper Type L pipe, and cheesecloth was tied to one end to 

prevent sample loss.  Samples were immersed in water for 24 hours, drained at room 

temperature for 48 hours, and weighed.  Soil was oven-dried at 105°C, and CWD was 

dried at 65°C for 24 hours and reweighed.  The difference between drainage weight and 

oven-dried weight was considered PAW, which was calculated on a percent volume basis 

(volume water/volume soil).  To determine substrate pH, an Accumet AccuTupH Rugged 

Bulb Combination pH Electrode (Fisher Scientific, Pittsburgh, PA)  was immersed in a 

solution consisting of unused portions of PAW samples diluted with deionized water (1:5 

substrate-water).   

To determine differences in nutrient availability across substrates, I randomly 

selected 10 blocks to sample with PRS
TM

-probe pairs (Plant Root Simulator
TM

-probes; 

Western Ag Innovations, Saskatoon, Saskatchewan, Canada), which measure the nutrient 

supply rate, or the amount of ion adsorbed per amount of ion exchange surface area (7.5 

cm
2
) over the duration of the burial period.  Each PRS

TM
-probe pair consists of one cation 

and one anion exchange resin membrane housed in a plastic frame.  In each plot, four 

PRS
TM

-probe pairs were inserted in the decayed humus layer on tree and tree fern CWD 

and within the top 5 cm of soil for 35 d.  Since nutrient supply rate is affected by 

temperature and moisture, the volumetric water content and temperature of each substrate 

were monitored near the probes at least once each week for the duration of the burial 

period.  Neither varied consistently across blocks over the burial period.  At the end of 

the burial period, one composite cation and one composite anion sample from each plot 

were analyzed for the following macro- and micro-nutrients: NO3-N, NH4
+
-N , Cl

-
, Na

+
, 

K
+
, Ca

2+
, 

 
Mg

2+
, 

 
Cu

2+
, 

 
Mn

2+
, 

 
Zn

2+
, 

 
Fe

3+
, 

 
Al

3+ 
, SO4

 -
S, H2PO4

-
-P,  B(OH)4

3+
-B.   
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Statistical analysis 

To compare seedling densities for all species and the two most abundant species, 

C. trigynum and M. polymorpha, across substrate types, Kruskal-Wallis tests were used, 

followed by Dunn’s multiple comparison tests (KrusMC.MAC macro in Minitab 16, 

Minitab Inc., State College, PA) if a significant difference in seedling density across 

substrate types was detected.  To characterize spatial patterns of seedling distribution 

within and across substrate types, the index of dispersion (I) was calculated as the 

quotient of the observed variance over the observed mean (s
2
/ ̅; Krebs 1989).  

Distribution patterns were classified as random (I = 0), uniform (1 = 1), and aggregated (I 

> 1), and a chi-square test was used to determine whether the distribution pattern was 

significantly different from random.  In addition, chi-square tests were performed to 

determine whether seedling abundance on a given cover type was randomly distributed 

on each substrate type.  A paired t-test was performed to determine whether there was a 

significant difference in cover depth where seedlings were present and absent on each 

cover type.  Since there was no difference in bryophyte depth or litter depth based on the 

presence or absence of seedlings (see Results), the means for the depth of each cover type 

were pooled, and a paired t-test was used to compare bryophyte and litter depth on each 

substrate where C. trigynum and M. polymorpha were found.  In addition, since M. 

polymorpha seedlings did not occur at all in soil, cover depth values in Table 3.1 were 

based only on measurements where C. trigynum seedlings were present/absent.   

Comparisons of light availability, nutrient supply rate, and pH were performed 

using a one-way ANOVA with a post-hoc Tukey’s test when the conditions of normality 

and equal variances were met, or with a Kruskal-Wallis test with Dunn’s multiple 

comparison procedures when they were not met.  Spearman’s rank correlations were 

performed to determine whether seedling densities for all seedlings, C. trigynum, and M. 

polymorpha were associated with each environmental condition, independent of substrate 

type.  Because of the non-normal distribution of seedling density, transformations of 

variables were explored, but did not change the distribution of the data.  To test 

relationships between seedling density and environmental conditions across and within 
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substrates, curve estimation and nonlinear regressions were performed using IBM SPSS 

Statistics 20 (IBM Corp., Armonk, NY).   

To determine the upper bounds of relationships between seedling density and 

environmental conditions, the least squares (LS) regression technique was used (Scharf et 

al. 1998).  First, a modified Levene test was performed to test for constancy of error 

variance when a linear relationship between density and an environmental condition was 

significant.  The environmental condition was then divided into equal increments.  Least 

squares regressions were performed using the maximum seedling density (y) in each 

increment and its corresponding environmental condition (x), and were weighted by the 

number of observations.  If significant, the LS regression slope was used to delineate the 

upper bound on the relationship between seedling density and the environmental 

condition. 

 

RESULTS 

 

Seedling distribution on substrates  

A total of 942 native woody seedlings were found across all substrates, with a 

mean density (± SE) of 16.0 (±2.5) seedlings m
-2

.  Seven species of seedlings were 

present in the study area, of which C. trigynum and M. polymorpha were the most 

abundant (46.0% and 27.8% of all seedlings, respectively; see Appendix A for individual 

species densities).  Seedling densities (all species combined) were 7.5 times higher on 

both tree and tree fern CWD than on soil (Kruskal-Wallis, P < 0.001; Figure 3.2).  

Similar seedling substrate preferences were observed for both of the dominant species, C. 

trigynum and M. polymorpha, although no M. polymorpha seedlings were observed on 

soil (Figure 3.2).   

In addition, seedlings were distributed disproportionately on CWD: tree CWD 

and tree fern CWD supported 17.2% (6,796 seedlings ha
-1

) and 11.6%  (4,604 seedlings 

ha
-1

) of all seedlings, respectively, even though tree CWD and tree fern CWD covered 

only 3.0% and 2.0% of the total area of the forest floor (D.K. Iwashita, unpublished data).  

The spatial distribution of seedlings was highly aggregated (I = 22.3; χ
2 

= 2,050; P < 
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0.001).  Even though the relative areas of plots within each block were not always equal 

(see Methods and Materials), the high I and χ
2
 values suggest the aggregated distribution 

pattern is significant and biologically meaningful.  Seedling distribution was also highly 

aggregated on tree CWD (I = 26.7; χ
2 

= 802; P < 0.001), tree fern CWD (I =13.5; χ
2 

= 

404; P < 0.001), and soil (I =6.5; χ
2 

= 195; P < 0.001). 

 

Environmental conditions associated with seedling distribution  

Tree and tree fern CWD had similar cover, with >60% percent bryophyte cover 

and ~30% litter cover (Table 3.1).  These were significantly different from cover patterns 

on soil (<5% bryophyte and >88% litter; Kruskal-Wallis, P < 0.001 for comparisons 

between CWD and soil).  All three substrates had similar percent bare cover (≤ 5%).  

Patterns of seedling distribution were not independent from cover type, except on soil 

(Table 3.2).  Across all species, the majority of seedlings (81%) established on bryophyte 

cover, with only 13% and 6% of seedlings establishing in areas with litter and bare cover, 

respectively.  Cheirodendron trigynum and M. polymorpha established in even higher 

numbers on bryophytes (87-93%), and in lower numbers on litter (1-8%) than did other 

species.   

While the overall proportions of seedlings rooted in the different cover types 

showed a consistent pattern, seedling densities on cover types varied across substrates 

and species (Figure 3.3), since not all cover types were equally available.  Thus, there 

was a difference in where the greatest number of seedlings was found versus where the 

greatest densities of seedlings were found.  Seedling densities for M. polymorpha and all 

species combined were highest on tree fern CWD with no (bare) cover (Figure 3.3).  For 

C. trigynum, seedling densities were similar between bare and bryophyte-covered tree 

and tree fern CWD (Figure 3.3).  For all species, seedling densities on litter cover were 

generally the lowest across all three substrate types (Figure 3.3).   

Overall seedling densities were positively correlated with percent bryophyte cover 

and negatively correlated with litter cover when substrates were pooled (Table 3.1).  

Variation in seedling densities was greatest on plots with high bryophyte cover, which 

was generally found only on CWD (Figure 3.4a).  The reverse trend was observed with 
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litter cover, where greater variation was found where percent litter cover was relatively 

low, which was also generally the case on CWD (Figure 3.4b).  The best curve estimate 

for the relationship between cover and seedling density was linear (y = 3.156 + 0.291x, 

R
2
 = 0.18, P < 0.001 for bryophyte cover; y = 30.435 – 0.293x, R

2
 = 0.18, P < 0.001 for 

litter cover; Figure 3.4).  For both relationships, the error variance was not constant 

(modified Levene test, P = 0.002 for bryophyte cover, P = 0.001 for litter cover).  Upper 

bounds were significant for the relationship between seedling density and bryophyte 

cover (y = 9.8 + 0.967x; R
2
 = 0.57, P = 0.018) and between seedling density and litter 

cover (y = 117 – 1.13x; R
2
 = 0.60, P = 0.008).  Within each substrate type, seedling 

density was not associated with bryophyte or litter cover (P > 0.14 for all substrates).   

Within a substrate, there was no difference in bryophyte depth or litter depth in 

areas where C. trigynum and M. polymorpha seedlings were present versus absent (paired 

t-tests; P > 0.10 for all cases).  In addition, on substrates where C. trigynum and M. 

polymorpha were present, bryophyte and litter depths were not significantly different 

where both cover types occurred on each substrate (paired t-tests, P > 0.067 for all 

comparisons; see Appendix B).  In addition, for C. trigynum, bryophyte depth and litter 

depth across substrates did not vary (ANOVA, P = 0.63 and 0.31, respectively) and were 

not correlated with seedling densities (Table 3.1).   

Tree CWD, tree fern CWD, and soil had similar light availability, pH, litter depth, 

and P, K, Ca, and Cu supply rates (Table 3.1).  Relative to soil, both tree and tree fern 

CWD had relatively low nutrient supply rates, including N, Al, Fe, S, Mn, and Zn (Table 

3.1).  Soil had relatively high nutrient supply rates, and higher plant available water 

(PAW) than tree CWD (Kruskal-Wallis, P = 0.041) and tree fern CWD (P < 0.001).  

Tree CWD also had greater PAW than tree fern CWD (P < 0.001).   

There was no association between PAR and seedling density across substrates 

(Table 3.1) or within substrates (Figure 3.5).  Seedling densities on CWD were highly 

variable between 5 and 10% PAR.  While the distribution of seedling density vs. PAR 

appeared to be nonlinear, no significant nonlinear (or linear) relationships were found.  In 

addition, no significant linear or nonlinear relationships were found between PAW across 

or within substrates (Figure 3.6), even though the significantly negative rs between PAW 
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and seedling density suggested the presence of a nonlinear relationship between the two 

variables across substrates (Table 3.1).   

Nitrogen, Mg, Al, S, Zn, Mn, Mg, and Fe supply rates were all negatively 

correlated with total seedling density and, and nearly all of these nutrient supply rates 

were negatively correlated with C. trigynum and M. polymorpha densities (Table 3.1).  

Nitrogen, Fe, Mn, Zn, S, and Al were all positively correlated with each other (rs > 0.51 

and P < 0.01 for all cases).  The ratio between N and P supply rates (N:P ratio) was 

significantly higher on CWD than on soil (Kruskal-Wallis, P < 0.01) and was negatively 

correlated with seedling density (rs = -0.55, P = 0.002).   

In general, the negative relationships between nutrient supply rate and density 

were influenced by substrate type, specifically by relatively low nutrient supply rates and 

high seedling densities on CWD versus relatively high nutrient supply rates and low 

seedling densities on soil.  For example, N supply rate was inversely related with seedling 

density (y = 1.1832 + 239.185/x; R
2
 = 0.50, P < 0.001), but this trend was primarily 

driven by differences among substrates (Figure 3.7).  On soil and tree fern CWD, 

seedling densities were not correlated with N supply rates, even after the outlier on tree 

fern CWD was removed.  The negative relationship between N supply rate and seedling 

density persisted only on tree CWD (R
2
 = 0.45, P = 0.034; Figure 3.7).   

 Finally, a positive correlation between pH and seedling density was observed 

(Table 3.1).  While there were no significant linear or nonlinear relationships between pH 

and seedling density across substrates, a logarithmic relationship between these two 

variables was observed on tree fern CWD (y = -266.530 * ln(abs(x)), R
2
 = 0.15, P = 

0.049; Figure 3.8), although variance increased with increasing pH.  The positive 

relationship between pH and seedling density on tree fern CWD was demonstrated by 

only C. trigynum (rs = 0.42, P = 0.035), which did not show the same pattern on tree 

CWD or soil (P = 0.13 and 0.12, respectively).  In addition, nutrient supply rates were not 

correlated with pH on tree fern CWD (Spearman’s rank correlations, P > 0.096 for all 

cases), although a significant negative correlation was observed between pH and Al 

across substrates (rs = -0.36, P = 0.05). 
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DISCUSSION 

 

I hypothesized that seedlings would establish in higher densities on CWD than on 

the soil owing to greater light availability and greater bryophyte cover on CWD.  In line 

with my hypothesis, seedlings occurred in much higher densities on CWD than soil, 

suggesting that CWD plays an essential role in providing regeneration sites for many 

species, including M. polymorpha and C. trigynum. Soil was not a suitable substrate for 

seedlings for most species, particularly for M. polymorpha, which was not found at all on 

soil.  Lack of seedlings on soil may be related to this species’ intolerance of disturbance 

and/or burial by the substantial litter cover present on the soil (Drake 1993, Drake and 

Pratt 2001).  While I did not measure seed rain or seed dispersal, these are generally not 

limiting for M. polymorpha in wet forests (Drake, 1992, 1998), and thus the clumped 

distribution of M. polymorpha, C. trigynum, and all seedlings combined in these forests 

may be partially explained by distribution of CWD and cover types.  

One factor that has been associated with seedling distribution on soil that may not 

be related to environmental conditions measured here is the activity of feral pigs (Sus 

scrofa; wild boar), which are widely distributed in the study area and are known to cause 

seedling mortality on the forest floor (Ralph and Maxwell, 1984; Drake and Pratt, 2001; 

Cole et al. In press). However, CWD appears to be a more suitable substrate in the 

absence of pig disturbance in the study area: when feral pigs were excluded from the 

forest, seedling abundance for most species, including C. trigynum and M. polymorpha, 

were substantially higher on CWD than on soil (P. Scowcroft, unpublished data).  In 

addition, in a Hawaiian MWF, the number of epiphytic seedlings did not vary based on 

pig presence or absence, whereas there was a six-fold increase in seedling densities on 

soil when feral pigs were removed (Cole et al. In press) 

Contrary to my hypothesis, light availability, which was similar across substrates, 

did not influence seedling distribution for all species combined or for C. trigynum and M. 

polymorpha.  The highest seedling densities I observed on each substrate were between 

5-10% PAR.  This result was surprising, at least for M. polymorpha, because although it 

can germinate in shade (Drake 1993), survival generally increases with increasing light 



42 
 

(Burton and Mueller-Dombois 1984).  One explanation may be that nutrient limitation 

may inhibit seedlings’ responses to light, although this relationship primarily affects 

seedling growth rates rather than colonization of a specific substrate (Iijima and Shibuya 

2010).  Another reason why seedling abundance did not vary with light availability may 

be that the range of available PAR observed within the plots may not have been low or 

high enough to affect germination or mortality.  For example, in a Hawaiian rain forest 

with a dense tree fern canopy in the mid/understory, mortality of M. polymorpha 

seedlings remained constant between 5-45% PAR (Burton and Mueller-Dombois 1984), 

which generally overlaps with the range I observed (2 - 30% PAR).  Thus M. polymorpha 

seedlings exposed to lower PAR levels may not necessarily have a higher mortality rate 

than those that receive relatively more light within this range.  Additionally, I would 

expect seedling densities between 20-30% PAR light conditions to be similar to those 

observed < 20% PAR in this study.  Finally, the moderate shade intolerance of M. 

polymorpha and other understory species at the seedling stage (Mueller-Dombois 1992) 

may also explain why mortality remains constant across this range.   

My hypothesis that the highest seedling densities would be found on bryophyte 

cover on CWD was not supported.  The highest total densities of seedlings were found on 

bare cover on tree fern CWD, which suggests that areas with no cover on CWD are just 

as suitable as bryophyte cover for seedling establishment, or more suitable on certain 

substrates for certain species, as appears to be the case with M. polymorpha on tree fern 

CWD.  Tree fern trunks have been shown to facilitate seedling establishment in rain 

forests (Derroire et al. 2007; Gaxiola et al. 2008), and bare areas of the trunks may 

provide more suitable sites for seedlings owing to their finely textured, thick root mantles 

(Mehltreter et al. 2005; Roberts et al. 2005), which easily capture small seeds (Gaxiola et 

al. 2008).  Given that M. polymorpha has very small seeds, bare tree fern CWD may 

influence their distribution by aiding in seed retention.   

Since percent bryophyte and percent litter cover were negatively correlated, it was 

impossible to discern whether seedlings grew at higher densities on bryophyte cover (and 

bare areas) due to physical or chemical properties of bryophyte-covered area, or because 

litter was absent, or both.  However, litter consistently supported the lowest seedling 
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densities and abundance on all substrates, even on soil, where it covered the largest area.  

This suggests that litter may drive patterns in seedling distribution independent of 

substrate type.  Therefore, areas on each substrate in which litter was present appeared to 

be the least favorable site for seedlings.  Litter depth did not influence seedling densities, 

and thus litter may inhibit seedling growth by other means, such as physical damage or 

burial (Drake and Pratt 2001).   

In contrast to Santiago (2000), I found no relationship between seedling density 

and bryophyte cover on CWD, and thus percent bryophyte cover did not determine 

seedling densities on CWD in this study.  While there was a significant positive 

relationship between bryophyte cover and seedling density across substrates, this trend 

was driven by differences between substrates, particularly since soil and CWD generally 

did not have overlapping bryophyte cover ranges and CWD supported the highest and 

soil the lowest seedling densities.  This confounding association between bryophyte cover 

and substrate type, therefore, made it difficult to single out bryophyte cover as the most 

important predictor for seedling density.  A similar confounding association was 

observed between litter cover and seedling density. 

The relationships between seedling density and bryophyte/litter cover were better 

explained by upper bounds, which are used to characterize relationships with polygonal 

shapes (Scharf et al. 1998), as observed in Figures 3a-b.  The low R
2
 value and the 

significant heteroscedasticity that characterized the linear relationship between cover and 

density suggested that an upper bound approach may be more appropriate than a 

regression approach, since the former emphasizes limiting factors in seedling density 

rather than controlling or predictive factors (Thomson et al. 1996).  In addition, these 

upper limits are particularly useful when other factors influence distribution (Thomson et 

al. 1996), such as the effect substrate type had on the relationship between cover and 

density.  I observed that there were higher seedling densities where there was higher 

bryophyte cover and lower seedling densities where there was lower bryophyte cover, 

which was confirmed by the linear regression model.  However, I also observed that a 

high percent of bryophyte cover, and even the presence of bryophyte cover, did not 

guarantee high seedling densities.  In fact, plots with 100% bryophyte cover had similar 
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densities as plots with no bryophyte cover, which is not explained in the linear regression 

model.  Thus, the upper bound delineates the extent to which seedling densities may be 

limited by bryophyte cover.  

As expected, PAW was greater on soil than on CWD.  It was not surprising that 

tree fern CWD had the lowest PAW, since it often lacks the well-developed humus layer 

present on tree CWD and the hydrous organic layer present in soil.  Although PAW was 

significantly lower on tree fern CWD than on tree CWD and soil, seedling densities on 

tree fern CWD were not limited by PAW.  In fact, a negative correlation between PAW 

and ranked seedling density was observed, although a significant nonlinear relationship 

was not found. 

Several nutrient supply rates, particularly N, were significantly lower on CWD 

than on soil, which may be attributed to higher C:N ratios observed on CWD that is not in 

advanced stages of decay (Laiho and Prescott 2004; Palviainen et al. 2008).  While I did 

not expect nutrient availability to affect seedling densities, I did not expect that the 

correlations between N supply rate and seedling density would be negative, particularly 

since N often limits seedling growth in tropical forests (Holste et al. 2011) and given that 

Hawaiian montane wet forests in my study area are both N- and P-limited (Ostertag 

2010).  However, the inverse relationship between N supply rates and seedling density 

across substrates and on CWD suggests that N availability does not limit seedling 

establishment on CWD, and therefore does not influence patterns of seedling distribution.  

Thus, at this stage in their development, seedlings may not require high levels of 

nutrients, as has been observed on tree CWD in temperate forests (Takahashi et al. 2000).   

Significantly higher N:P ratios in soil may have been a factor influencing low 

seedling densities there, particularly since seedling density decreases as the N:P ratio 

increased in this study.  Both N and P have been shown to colimit seedling growth (Marx 

and Walters 2006), and N:P ratios > 20, which were observed in soil in this study, often 

correspond to N and P colimitation of plant biomass production (Gusewell 2004), which 

may influence seedling distribution. In addition, the high Al supply rates on soil may 

have negatively impacted seedling density.  However, the high organic content that 

characterizes the surface horizon of Andisols suggests Al toxicity was unlikely.  
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In addition, under certain conditions such as low light, seedlings may be unable to 

respond to differences in nutrient availability (Six and Halpern 2008), and therefore 

nutrient supply rate may not indicate actual nutrient uptake by the plant.  Thus, despite 

differences in nutrient availability among substrates, foliar nutrient concentrations may 

be similar for seedlings rooted in CWD and soil (Bellingham and Richardson 2006).  

Mycorrhizal associations may also enhance nutrient uptake by seedlings (Kaye and Hart 

1997), particularly in low nutrient conditions.  However, it is important to point out that, 

with the exception of N and Mg supply rates on CWD, nutrient supply rates and seedling 

densities were not correlated on each substrate type.  Thus, the overall relationship 

between nutrient supply rates and seedling establishment was driven by significant 

differences in nutrient supply rates between substrates, specifically between CWD and 

soil.   

The pH found across substrates was consistently low, which was expected, since 

Acrudoxic Hydrudands are strongly acidic (Friday et al. 2008; Litton et al. 2011).  One 

explanation for the positive correlation observed between pH and seedling density may 

lie in the effect pH plays on nutrient availability.  Low pH typically reduces the 

availability of P and N and increases the concentration of Al which, as discussed earlier, 

may become toxic to plants at high levels.  However, N, P, and Al supply rates did not 

vary consistently with pH across and within substrates.  Furthermore, even though pH 

was similar among substrates, N and Al supply rates were significantly greater in soil 

than in CWD, which suggests that the positive correlation between pH and seedling 

density was not associated with an effect of pH on nutrient supply rate or Al toxicity.   

While pH and seedling density were positively correlated, no significant nonlinear 

regression models were found that fit the relationship across substrates.  The only 

significant relationship between pH and seedling density was found on tree fern CWD, 

which suggests that seedlings growing on this substrate may respond differently to pH 

than on other substrates, although pH values were similar across all substrates.  However, 

C. trigynum density, which drove the logarithmic pH-seedling density relationship on tree 

fern CWD, did not increase with pH on other substrates, suggesting that pH may interact 

with other environmental conditions on tree fern CWD that may influence seedling 
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density.  The low R
2 

value supports this explanation, and also suggests that pH alone is a 

poor predictor of seedling density on tree fern CWD.  Alternatively, the pH range may be 

too narrow on tree fern CWD to infer relationships between pH and seedling density.  

More tree fern CWD seedling density data at higher pH values within the observed pH 

range in the study area would improve the understanding of the relationship between pH 

and seedling density on this substrate, particularly since variation in seedling density 

increased with pH.   

Many of the correlations between environmental conditions and seedling densities 

found here reflected differences in environmental conditions between substrates, rather 

than within a given substrate.  Furthermore, because environmental conditions were often 

confounded by substrate, it was not always possible to determine whether the substrate 

type or the environmental condition associated with it was more influential on seedling 

distribution.  Therefore, it is uncertain whether seedlings occur at higher densities on 

CWD versus soil because the former has more bryophyte cover, which is suitable for 

seedlings, or because it has significantly lower litter cover, which is generally unsuitable 

for seedlings.  Adding to the difficulty in isolating the most important predictor(s) of 

seedling distribution in this forest was strong multicollinearity between many of the 

environmental conditions.  For example, while seedling distribution was not independent 

of cover type, it is uncertain whether low seedling densities were primarily influenced by 

high percent litter cover, lack of bryophyte cover, relatively high N, Al, Fe, Zn, and S 

supply rates, greater PAW, lower pH, interactions between these factors, or other 

environmental conditions that were not quantified in this study.  

 

CONCLUSION 

 

In Hawaiian MWFs, bare or bryophyte cover and relatively low N, Al, Fe, Zn, 

Mn, Mg, and S availability supported the highest densities of native woody seedlings, 

which were found most consistently on CWD.  Environmental conditions and seedling 

densities within each substrate generally were not related, and thus differences in 

environmental conditions generally reflected differences in substrate type.  Thus, while it 
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is uncertain which environmental conditions are the best predictors for seedling 

distribution in these forests, seedling abundance was not independent of cover type, 

which suggests that physical characteristics of substrates may be the most important 

factor influencing seedling distribution, at least at this stage in their development.  This 

study provides a basis upon which mechanisms of seedling establishment can be explored 

further, such that associations between environmental variables and substrates can be 

tested in a controlled experiment.  

Because tree and tree fern CWD comprised the most suitable substrate for 

seedlings, CWD will continue to play a critical role in regeneration and succession in 

these forests.  CWD covers only ~5% of the forest floor, but supports ~29% of the total 

number of seedlings, including M. polymorpha seedlings, which appear to depend 

exclusively on CWD for establishment.  Understanding seedling distribution patterns, 

CWD dynamics, and at a broader level, barriers to seedling establishment, will provide 

insight on how to conserve and manage these forests in the face of climate change and 

invasion by non-native species.



48 
 

 

 

 

 

Table 3.1.  Comparison of environmental conditions among substrate types (tree and tree fern coarse woody debris [CWD],

soil).  Environmental conditions sharing the same letter were not different between substrate types.  Kruskal-Wallis tests 

and Dunn's multiple comparison test were used to compare medians, and ANOVA with post-hoc Tukey's test was used to 

compare means, both at P < 0.05 (only means shown).  Spearman's rank correlations between environmental variables and 

seedling density (no. m-2; substrates pooled) significant at * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

Environmental Tree Tree fern Soil
 

Spearman's rank correlation

variable CWD CWD coefficient 

Mean SE Mean SE Mean SE All Cheirodendron Metrosideros

Cover (%)

Bare 4.0 ± 1.4 3.5 ± 1.8 5.0 ± 1.4 -0.15 -0.17 -0.06

Bryophyte 63.1 ± 5.3
a

65.1 ± 3.6
a

4.4 ± 1.3
b

0.58 *** -0.52 *** 0.48 ***

Litter 30.9 ± 4.8
a

28.5 ± 3.3
a

88.5 ± 1.8
b

-0.57 *** -0.51 *** -0.47 ***

Cover height (cm)
d

Bryophyte 2.3 ± 0.3 2.3 ± 0.2 1.7 ± 0.5 - 0.15 -

Litter 1.9 ± 0.2 1.9 ± 0.2 2.2 ± 0.3 - -0.09 -

Nutrient supply rate (µg 10 cm
-2

/5 weeks)

Total N 22.5 ± 5.8
a

49.9 ± 31.3
a

240.0 ± 52.5
b

-0.75 *** -0.66 *** -0.54 **

NO3
-
-N 3.7 ± 1.1

a
3.2 ± 1.4

a
189.1 ± 45.9

b
-0.67 *** -0.56 ** -0.59 **

NH4
+
-N 19.8 ± 5.5

a
46.7 ± 30.9

a
47.8 ± 14.5

b
-0.43 * -0.45 * -0.14

H2PO4
-
-P 0.7 ± 0.1 0.8 ± 0.1 1.1 ± 0.4 -0.07 0.06 -0.14

K
+

111.2 ± 24.6 102.7 ± 40.2 99.2 ± 11.1 -0.14 -0.22 0.11

Mg
2+

130.1 ± 13.2
ab

86.9 ± 9.8
a

149.3 ± 14.9
b

-0.49 ** -0.35 -0.59 **

Ca
2+

189.5 ± 29.5 132.6 ± 15.6 190.8 ± 19.2 -0.22 -0.20 0.03

Al
3+

11.1 ± 1.2
a

14.7 ± 2.0
a

81.9 ± 17.4
b

-0.66 *** -0.53 ** -0.57 **

Cu
2+

0.2 ± 0.1 0.2 ± 0.0 0.4 ± 0.1 -0.30 -0.32 -0.26

Fe
3+

1.6 ± 0.2
a

4.6 ± 2.3
a

41.4 ± 12.6
b

-0.59 ** -0.48 ** -0.50 **

Mn
2+

5.9 ± 2.0
ab

2.4 ± 0.6
a

8.8 ± 1.8
b

-0.39 * -0.34 -0.35

Zn
2+

0.7 ± 0.1
a

0.5 ± 0.1
a

1.4 ± 0.3
b

-0.56 ** -0.43 * -0.48 **

SO4
-
-S 16.1 ± 3.5

a
22.5 ± 8.3

a
55.5 ± 4.1

b
-0.69 *** -0.70 *** -0.61 ***

PAR
e
 (µmol m

-1
s

-2
) 9.4 ± 0.9 9.6 ± 1.1 10.3 ± 1.0 -0.13 -0.04 -0.01

PAW
f
 (% vol) 25.9 ± 1.8

a
19.0 ± 1.2

b
30.7 ± 1.0

c
-0.27 * -0.29 * -0.18

pH 4.3 ± 0.1 4.1 ± 0.0 4.1 ± 0.0 0.23 * 0.20 0.12

d
 Measured as height of cover where Cheirodendron trigynum seedlings occurred.   

e
 Photosynthetically active radiation. 

f
 Plant available water.
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Table 3.2.  Chi-square test results showing whether seedling distribution 

on bare, bryophyte, and litter cover was significantly different from 

random on coarse woody debris (CWD) and soil (df = 2, P < 0.05) in a 

Hawaiian montane wet forest.  No Metrosideros polymorpha seedlings 

were found on soil. 
 

Substrate by species χ
2
   P 

 

All          

Tree CWD   64.24   < 0.001 

Tree fern CWD   79.82   < 0.001 

Soil   3.64   0.162 

Cheirodendron 

 

    

Tree CWD   28.25   < 0.001 

Tree fern CWD   37.10   < 0.001 

Soil   5.00   0.082 

Metrosideros 

 

    

Tree CWD   52.77   < 0.001 

Tree fern CWD   36.80   < 0.001 
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Figure 3.1.  Cheirodendron trigynum seedlings growing on (a) bare, (b) bryophyte, and 

(c) litter cover in a Hawaiian montane wet forest. 

 

(b)Bryophyte 

(a) Bare 

(c) Litter 
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Figure 3.2.  Seedling density (mean + SE) on tree and tree fern coarse woody 

debris (CWD) and soil in a Hawaiian montane wet forest (Kruskal-Wallis test and 

Dunn’s multiple comparison test; means shown).  Within a species, means that 

share the same letter are not significantly different at P < 0.05. 
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Figure 3.3.  Seedling density for (a) all species, (b) Cheirodendron trigynum, and (c) 

Metrosideros polymorpha on different cover (bare, bryophyte, and litter) and substrate 

types in a Hawaiian montane wet forest.   

(b) Cheirodendron 

(a) All 

(c) Metrosideros 
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.   

 

 

 

Figure 3.4.  Upper bounds characterizing the relationship between seedling density and 

percent (a) bryophyte cover (y = 9.8 + 0.967x; R
2
 = 0.57, P = 0.018) and (b) litter cover 

(y = 117 – 1.13x; R
2
 = 0.60, P = 0.008) on coarse woody debris (CWD) and soil in a 

Hawaiian montane wet forest.   
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Figure 3.5.  Seedling density versus light availability (measured as percent 

photosynthetically active radiation [PAR]) on coarse woody debris (CWD) and soil in a 

Hawaiian wet forest. 
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Figure 3.6.  Seedling density versus plant available water on coarse woody debris 

(CWD) and soil in a Hawaiian montane wet forest. 
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Figure 3.7.  Relationship between seedling density and N (NO3
-
 and NH4

+
) supply rate 

on coarse woody debris (CWD) and soil in a Hawaiian montane wet forest.  The 

regression line shows the significant negative relationship between seedling density and 

total N on tree CWD (y = 50.5 – 0.822x, R
2
 = 0.45, P = 0.034). 
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Figure 3.8.  Relationship between pH and seedling density on coarse woody debris 

(CWD) and soil in a Hawaiian montane wet forest.  A logarithmic relationship was found 

between pH and tree fern CWD seedling density  (y = -266.530 * ln (abs(x)), R
2
 = 0.15, P 

= 0.049).
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CHAPTER 4 

Conclusion 

 

Fallen and standing dead trees and tree ferns, known collectively as coarse woody 

debris (CWD), are integral but infrequently studied components of forest ecosystems 

(Harmon et al. 1986), particularly in tropical forests (Raich et al. 2006). The goals of my 

thesis research were to better understand CWD dynamics in Hawaiian tropical montane 

wet forests (MWFs), particularly with respect to the role CWD plays in aboveground 

carbon (C) storage and seedling establishment.  Here, I summarize the background, 

findings, and implications of my thesis research. 

In Chapter 2 of my thesis, I examined C storage in CWD, an important but 

understudied function of CWD in Hawaiian MWFs.  Because MWFs in Hawai‘i are 

already experiencing warming at an accelerated rate (Giambelluca et al. 2008), 

determining whether CWD will act as a sink or source of C to the atmosphere has 

implications for the future of Hawaiian forests with respect to their structure, climate 

moderation, and regeneration ability, since many native species establish primarily on 

CWD (Chapter 3). 

I found that Hawaiian MWFs contain very large pools of C in CWD – more in 

absolute numbers than what has been reported for tropical wet and MWFs outside of 

Hawai‘i.  However, the proportion of total aboveground C found in CWD (~23%) was 

comparable to other tropical forests, indicating that Hawaiian MWFs store very large 

quantities of C in both aboveground live and detrital biomass. I also examined patterns in 

CWD decay class, diameter size class distribution, and C pool distribution to determine 

whether cyclic succession (Mueller-Dombois, 1987; Hart, 2010) may influence the 

amount of CWD found in Hawaiian MWFs.  The large accumulations of moderately 

decayed wood with little wood in other decay classes indicates that forest dieback may 

explain apparent “pulses” of CWD found in these forests.  A similar “pulse” of CWD 

found primarily in a single decay class was also observed in a montane cloud forest on 

Maui (Santiago, 2000), which lends support to this hypothesis. 
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Finally, I found that total C storage in CWD had a negative relationship with 

mean annual temperature (MAT), and that this relationship was driven primarily by large 

accumulations of standing tree CWD C at lower MATs.  This negative relationship 

suggests that decomposition rates are increasing with temperature faster than net primary 

productivity (NPP), resulting in net emissions of CO2 to the atmosphere from Hawaiian 

MWFs.  However, fallen CWD C did not vary with MAT, which suggests that: 1) an 

increase in decomposition rate may still be occurring, but not faster than NPP, and 2) the 

large accumulations of standing dead CWD C at cooler temperatures may reflect a shift 

in CWD C pools with MAT (Raich et al. 2006), or may be related to succession.  The 

negative relationship between CWD C and MAT remains at least somewhat tenuous, 

however, as there were not consistent trends across all CWD components.  Finally, 

understanding how forest succession and patterns of disturbance are impacted by rising 

MAT will become increasingly necessary to understand and predict the response of CWD 

and total aboveground C dynamics in these forests to a rapidly changing climate (Spies et 

al. 1988).  

In Hawaiian MWFs, CWD has been studied almost exclusively as a substrate for 

seedling establishment (Cooray, 1974; Scowcroft, 1992; Santiago, 2000).  For my 

research elucidating patterns in seedling establishment on CWD vs. soil (Chapter 3), my 

objective was to add to the information available on regeneration patterns of native 

species in these forests for future conservation, restoration and sustainable management 

applications.  For example, Scowcroft (1992), hinted at the restoration potential of CWD 

in an abandoned pasture, as he discovered that native species tended to recruit on CWD 

and organic seedbeds, and in doing so escaped competition from grass.  In addition, 

Santiago (2000) found that moss was the best predictor for seedling establishment on 

CWD, which concurred with Burton and Mueller-Dombois’ (1984) observation that 

seedlings tend to grow on moss-covered substrates.  Thus, there is a growing list of 

suitable environmental conditions for native seedling establishment, to which I have 

added cover type and light, water, and nutrient availability. 

The most suitable substrates for seedling establishment were tree and tree fern 

CWD, which supported almost identical seedling densities (22.5 seedlings m
-2

).  A 
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significantly lower density of seedlings (3.0 seedlings m
-2

) established on soil.  On a 

given substrate, establishment was not independent of cover type, with seedlings 

establishing in highest densities on bare or bryophyte-covered substrates.  Litter cover 

provided a consistently poor establishment site regardless of substrate.  Tree and tree fern 

CWD had significantly more bryophyte cover and significantly less litter cover than soil.  

Thus, low seedling densities on soil appear to be at least partially influenced by litter 

cover, which supported the lowest densities of seedlings across all substrates.  

Seedling density also had a strong negative correlation with nutrient supply rate 

for nearly all nutrients, including inorganic nitrogen (N), Al, Fe, Zn, Mn, Mg, and S 

which were all lower on CWD than on soil.  The “preference” for nutrient-poor sites may 

indicate that: 1) seedlings do not have high nutrient requirements in these forests and are 

not nutrient limited on CWD, 2) seedlings may be taking in as much nutrients on CWD 

as on soil, such that the nutrient supply rate does not necessarily correspond to nutrient 

uptake by seedlings, 3) seedling are nutrient limited on CWD, and have mycorrhizal 

associations to overcome this limitation, 4) seedlings do not respond to higher nutrient 

availability if they are limited by light or another resources, or 5) seedlings are affected 

by toxic levels of Al or other nutrients in the soil, since Al toxicity is common in acidic 

tropical soils such as those in the study area. However, CWD and tree ferns were equally 

acidic as soil.  Thus, it appears that seedlings established primarily on sites that either had 

bare or bryophyte cover (or were litter-free) and had relatively low nutrient supply rates. 

Although light is generally limiting in the understory of Hawaiian MWFs (Burton 

and Mueller-Dombois, 1984), I found that seedling density did not vary with light 

availability.  This suggests that: 1) seedlings were at least moderately shade tolerant, 2) 

the range in PAR levels was not large enough to detect a change in seedling density , or 

3) seedlings are not able to respond to light if they are limited by another resources.  

Light availability did not vary across substrates.  Litter cover and bryophyte cover may 

affect light available to seedlings, but I did not find a relationship between cover depth 

and seedlings densities, suggesting that this is not important in this system.  Litter cover, 

however, may completely bury seeds or inhibit root  penetration for seeds that do 
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germinate, and thus may be one of reasons why litter (and thus soil, of which 88% is 

covered by litter) is not a suitable substrate. 

Finally, plant available water, which was greatest in soil and lowest in tree fern 

CWD, was negatively correlated with seedling density, although a significant linear or 

nonlinear relationship was found  neither across nor within substrates, which suggests 

that the influence of PAW on seedling density was not significant.  In addition, seedling 

density was positively correlated with pH, although the positive relationship was only 

found on tree fern CWD, which suggests that seedlings growing on this substrate may 

respond differently to pH than on other substrates, although pH values were similar 

across all substrates.  However, C. trigynum density, which drove the logarithmic pH-

seedling density relationship on tree fern CWD, did not increase with pH on other 

substrates, suggesting that pH may interact with other environmental conditions on tree 

fern CWD that may influence seedling density.  The low R
2 

value supports this 

explanation, and also suggests that pH alone is a poor predictor of seedling density on 

tree fern CWD.  Alternatively, the range of pH may be too narrow on tree fern CWD to 

infer relationships between pH and seedling density.  More tree fern CWD seedling 

density data at higher pH values within the observed pH range in the study area would 

improve the understanding of the relationship between pH and seedling density, 

particularly since variation in seedling density increased with pH.   

While it was clear the seedling established preferentially on CWD, it was not 

clear whether they did so more because of the availability of bryophyte cover, bare cover, 

lack of litter cover, or low nutrient supply rate.  Cover types were correlated with one 

another and with nutrient supply rates which were, in turn, strongly correlated with one 

another.  Thus it was not possible, give the extent of multicollinearity, to determine 

which environmental conditions were the most important for seedling establishment.  

However, the information gained here on which factors – nutrients and cover, in addition 

to substrate type – appear to be important for determining native seedling establishment, 

is valuable for informing conservation, restoration and sustainable management activities 

of this ecologically and culturally important forest type in Hawai‘i. 

 



 

 
 

 

APPENDIX A 

 

Table A1.  Mean seedling densities of native woody species on coarse woody debris (CWD) and soil 

in a Hawaiian montane wet forest.  Means that share the same letter are not significantly different at P 

< 0.05 (Kruskal-Wallis test and Dunn's multiple comparison procedure). 

Seedling density (no. m
-2

) 

 Species   Tree CWD 
 
   Tree fern CWD 

 
   Soil 

 
     

 

  Mean   SE     Mean  SE     Mean   SE   

Acacia koa 0.05 ± 0.05     0.22 ± 0.10     0.52 ± 0.43   

Alyxia stellata 0.28 ± 0.12     0.23 ± 0.12     0.82 ± 0.57   

Cheirodendron trigynum 10.55 ± 2.24 
a
   11.95 ± 3.18 

a
   0.47 ± 0.17 

b
 

Ilex anomala 0.58 ± 0.31 
a
   0.11 ± 0.11 

b
   0.00 ± 0.00 

b
 

Melicope clusiifolia 1.97 ± 0.49 
a
   2.51 ± 0.67 

a
   1.16 ± 0.42 

b
 

Metrosideros polymorpha 7.47 ± 4.44 
a
   5.54 ± 2.16 

a
   0.00 ± 0.00 

b
 

Vaccinium calicynum 1.62 ± 0.87 
a
   1.98 ± 0.75 

a
   0.00 ± 0.00 

b
 

All   22.52 ± 5.29 
a
   22.52 ± 4.32 

a
   2.97 ± 0.91 

b
 

                  
 
 

 
   

 
 

 
     

 

6
2
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APPENDIX B 

 

Table B1.  Comparison of bryophyte and litter depth (mean ± SE) on each substrate 

where Cheirodendron trigynum and Metrosideros polymorpha seedlings were found 

(paired t-tests, significant at P < 0.05) 
 

Substrate by species Bryophyte depth (cm)   Litter depth (cm)   P 

Cheirodendron                   

Tree CWD   2.26 ± 0.25   1.93 ± 0.24   0.22 

Tree Fern CWD 2.33 ± 0.20   1.93 ± 0.20   0.067 

Soil   1.71 ± 0.54   2.18 ± 0.29   0.55 
                      

Metrosideros                   

Tree CWD   1.96 ± 0.29   1.42 ± 0.46   0.44 

Tree fern CWD 1.94 ± 0.24   1.85 ± 0.19   0.77 
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