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ABSTRACT

This study provides evidence thatMiconia calvescens has the potential to accelerate surface erosion in stands where it invades by (i) reducing
under-canopy light levels, thereby reducing the establishment of ground cover vegetation, and (ii) producing highly erosive throughfall drops
on large leaves in a single-layer canopy. The throughfall energy in a stand of invasive miconia on the Island of Hawai‘i (USA), assessed by
measuring the drop size and drop velocity distributions with a laser disdrometer, was significantly higher than that in a stand of native ‘ōhi‘a
(Metrosideros polymorpha) and ambient rainfall. Median throughfall drop size for miconia (3�83mm) was twice that of ambient rainfall
(1�62mm). Highly erosive throughfall resulted from large drops forming on large miconia leaves and relatively high fall velocities associated
with the single-story miconia canopy. In contrast, multi-storied natural ‘ōhi‘a had a larger median drop size; however, a lower fall height reduced
throughfall effective kinetic energy. Furthermore, the effective kinetic energy for miconia was high because large drops (> 3�8mm) with high
kinetic energy accounted for 60 per cent of the total energy (versus 30–40 per cent for other vegetation types). Consequently, unit kinetic energy
of throughfall was 28 Jm�2mm�1 under miconia, compared with <24 Jm�2mm�1 for rainfall and <20 Jm�2mm�1 under ‘ōhi‘a. These data,
combined with the observation of limited protective ground cover under miconia, show the potential for accelerated erosion occurring on forest
floors in stands of invasive miconia. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Introduced plants and animals have severely damaged native
species and terrestrial ecosystems on tropical oceanic
islands, including Hawai‘i (Denslow, 2003; Meyer, 2004;
Loope, 2011). The neotropical tree species Miconia calves-
cens DC (Melastomataceae), introduced as an ornamental
in French Polynesia (1937), Hawai‘i (1961), northeastern
Australia (1960s), and New Caledonia (1970s) is now a
highly invasive species in these environments (Fosberg,
1992; Meyer, 1996; Meyer and Florence, 1996; Medeiros
et al., 1997; Mueller-Dombois and Fosberg, 1998; Whittaker,
1998; Murphy et al., 2008; Loope, 2009; Goarant and Meyer,
2010). Miconia is considered the worst invasive plant in
Pacific Island wet forests (Meyer, 2004).
Miconia was first introduced Hawai‘i in 1961 near Hilo

and Onomea, both windward coastal communities on the
Island of Hawai‘i. The spread of the plant on the island
was not noticed until the early-1970s, but it is now widely
dispersed along the windward coast of the island (Figure 1).
Miconia is now also found on three other Hawaiian islands:
Maui, O‘ahu, and Kaua‘i. Thus far, monotypic stands such
as those found in Tahiti are localized, found mostly in
steep-sided ravines near Onomea. Spread has been limited
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in part by the efforts of local invasive species committees
attempting to eradicate miconia. Nevertheless, miconia
remains highly invasive in native forests with annual precip-
itation exceeding 1800mm.
In addition to the ecological consequences of miconia

invasion, anecdotal evidence suggests the replacement of native
tree species with miconia may also contribute to land degrada-
tion via accelerated erosion (Meyer, 1994; Motooka et al.,
2003). Miconia often forms dense monotypic stands with little
protective ground cover vegetation (Medeiros et al., 1997;
Figure 2). Its litter decomposes more rapidly than that of native
species (Allison and Vitousek, 2004), exposing the soil surface
to the direct impact of throughfall drops. Throughfall is the
fraction of rainfall that falls directly through the canopy or drips
from the canopy following interception by the leaves. Through-
fall drops tend to be larger than rainfall drops, especially for
large-leaf trees. If falling unimpeded from a sufficient height,
larger throughfall drops will attain greater kinetic energy than
raindrops falling from the cloud base.
The large, dark leaves of miconia reduce light levels

beneath the canopy, thereby inhibiting germination and
growth of understory plant species that would typically
dissipate the erosive energy of throughfall drops (Meyer,
1994, 2004). The throughfall of any large-leaf species is of
concern because the kinetic energy of drops falling from sin-
gle-story canopies can exceed critical soil erosion thresholds
(Hall and Calder, 1993; Nanko et al., 2008a). Direct drop
impacts can compact unprotected soil surfaces and cause



Figure 1. Miconia invasion areas on the Big Island of Hawai‘i. Also shown are study sites where under-canopy light transmission and/or throughfall measurements
were made (Tables I and II). The Miconia 1 site is in Onomea, one of the locations of the miconia introduction in Hawai‘i in 1961. Base map, including locations of
miconia occurrences, was provided by the Big Island Invasive Species Committee. This figure is available in colour online at wileyonlinelibrary.com/journal/ldr.

Figure 2. Soil surface under a miconia stand in Onomea, Hawai‘i. The high
degree of root exposure suggests that several centimeters of soil have been
removed since this stand was developed. This figure is available in colour

online at wileyonlinelibrary.com/journal/ldr.
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aggregate disintegration and subsequent detachment of
smaller particles that may lead to surface pore infilling.
Mechanical compaction and filling of macro-pores with
fines can create infiltration-reducing soil seals that increase
the potential for erosive surface overland flow (Morgan,
2005; Nanko et al., 2008a; Nanko et al., 2010).
In this work, we attempt to verify the linkage between

miconia invasion and accelerated erosion in Hawai‘i. At
Copyright © 2012 John Wiley & Sons, Ltd.
several sites, we measure canopy light transmission to
ascertain the degree to which miconia reduces understory
light levels; and we examine throughfall drop characteristics
to quantify the erosive energy of throughfall in miconia
stands. When possible, both measurements were compared
with those of other types of vegetation, for example, native
‘ōhi‘a (Metrosideros polymorpha) forest and other invaded
forest stands with different species composition.
MATERIALS AND METHODS

Study Area

The study sites were located near Hilo and near Volcano, on
the eastern part of the Island of Hawai‘i (Figure 1). We
sought field study sites where miconia-dominant stands
were adjacent to other vegetation (preferably native) that
could serve as controls (Figure 1). However, the few
accessible areas where miconia was sufficiently dense were
located in areas with otherwise highly disturbed environ-
ments with relatively few native plants. Selection of the sites
was geared toward measuring representative mature stands
for each vegetation type. Miconia in Hawai‘i is often found
in otherwise disturbed areas, limiting opportunities for side-
by-side comparisons with intact native forest (‘ōhi‘a). In
addition, because of the aggressive efforts to eradicate or
contain the invasion, few accessible sites with large miconia
LAND DEGRADATION & DEVELOPMENT, (2013)
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trees were identified. Ultimately, seven sites were used for
light transmission measurements (Table I) and three sites
for drop size and velocity measurements (Table II).

Light Transmission and Ground Cover Measurements

A Sunfleck Ceptometer (Decagon, Pullman, WA, USA) was
used to measure light transmission through vegetation
canopies. Photosynthetically active radiation (PAR; mmol
m�2 s�1) was measured beneath the canopy within each
study site. At each measurement point, the linear light sensor
array of the ceptometer was held at about 1m above the
ground and moved radially, stopping to record a sample at
10 positions. The mean of the 10 readings was taken as the
under-canopy light sample for that point (PARbelow). Ap-
proximately 10 points were sampled in this manner at each
site and normalized by PAR measurements taken simulta-
neously in the open (PARopen), which were recorded at a
1-min interval. Light transmission ratio (LTR) was calcu-
lated as follows:

LTR ¼ PARbelow

PARopen
(1)

Although quantitative measurements of live ground cover
and litter were not done in this study, we made qualitative
assessments on the basis of visual observations and
photographs.

Rainfall and Throughfall Drop Energy

Drop size diameter and velocity of rainfall and throughfall
were measured using the laser disdrometers described by
Table I. Light transmission ratio of native (N), invaded mixed (M), and

Type Site Composition Canop

N1 ‘ōhi‘a 1 ‘ōhi‘a
N2 ‘ōhi‘a 2 Tree fern, ‘ōhi‘a
M1 Mixed 1 Mixed
M2 Mixed 2 Mixed
M3 Mixed 3 Mixed
I1 Miconia Miconia calvescens
I2 Morella Morella faya

The types are the following: N1 is Metrosideros polymorpha. Cibotium spp. tre
polymorpha, and Cheirodendron sp. emergents. Fallen ferns create light gaps; M1

campanulata, Archontophoenix alexandrae, Miconia calvescens, Mangifera ind
candidum (immature stand); I1 is M. calvescens-dominated canopy. Cyathea coo
approximated; n is the number of light samples taken; LTR� 1 SD is the light tra

Table II. Characteristics of throughfall study sites on the Big Island of H

Type Site Dominant species Understory Elev

I1 Miconia Miconia
calvescens

No

N3 ‘ōhi‘a 3 ‘ōhi‘a No
N4 ‘ōhi‘a 3 ‘ōhi‘a Psidium cattleianum,

Melastoma candidum

Type refers to stand type; I1 refers to an invasive stand (Table I); and N3 and N4

Copyright © 2012 John Wiley & Sons, Ltd.
Nanko et al. (2006, 2008a) (Figure 3C). These devices
register a voltage drop when a raindrop passes between
the laser source and receiver. Disdrometers were situated
0�3m above the ground surface. The sampling area of
the disdrometers was approximately 800–1000mm2. A
splash screen was placed underneath, halfway to the sur-
face, to prevent back splatter from drops striking the
ground. Rainfall rate and depth were calculated from cu-
mulative drop volume per time and area. A tipping-bucket
raingauge (Texas Electronics model 525W, Dallas, TX,
USA) was also used to measure rainfall in the open during
each event.
Three rainfall events were measured between 18 and 22

December 2007 (Table III). Throughfall was monitored in
miconia stands without understories (I1); in native stands
of ‘ōhi‘a without understories (N3); and in native stands of
‘ōhi‘a with understories of Psidium cattleianum and Mela-
stoma candidum (N4). Open rainfall and throughfall were
simultaneously measured with three laser disdrometers:
one for open rainfall and two for throughfall. Data were
aggregated into 10-min intervals for analysis.

Estimating Kinetic Energy of Drops

The kinetic energy of a raindrop (e; J) was calculated as
(Nanko et al., 2008a)

e ¼ 1
2
r� p

6
D3

� �
�v2 (2)

Where: D is the equivalent spheroid drop diameter (mm); v
is the drop velocity (m s�1); and r is raindrop density
invaded monotypic (I) stands

y height (m) n LTR� SD COV

14–18 22 0�056� 0�020 0�36
4–15 17 0�024� 0�016 0�67
8–15 5 0�051� 0�012 0�24
15–25 10 0�026� 0�012 0�46

5–8 7 0�042� 0�008 0�19
3–8 10 0�025� 0�007 0�28

14–18 19 0�013� 0�005 0�38
e fern sub-canopy, diverse understory; N2 is Cibotium spp. tree fern, M.
is Trema sp., Psidium cattleianum, Melastoma candidum; M2 is Spathodea
ica. Cyathea cooperi understory; M3 is Psidium cattleianum, Melastoma
peri understory; I2 is Morella faya (monotypic stand). Canopy heights are
nsmission ratio (Equation 1); COV is the coefficient of variation of LTR.

awai‘i

ation (m)
Maximum

tree height (m)
Height of the

lowest branches (m)
Observation
dates (2007)

75 8�5 5�2 18–19 Dec

108 5�0 4�0 20–21 Dec
108 5�0 2�4 21–22 Dec

refer to native stands.
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Figure 3. (A) Canopy of an ‘ōhi‘a tree at site N3; (B) canopy of miconia stand at site I1; (C) disdrometer and understory of ‘ōhi‘a stand N3; and (D) understory
of the miconia stand I1. This figure is available in colour online at wileyonlinelibrary.com/journal/ldr.

Table III. Rainfall, drop size, and kinetic energy information for three sites

Plot Site

Rainfall Raindrops Kinetic energy

Depth
(mm)

RImax

(mm10-min�1)
RImean

(mm10-min�1)
Count
(cm�2)

D50

(mm)
D90

(mm)
Dmax

(mm)
KE

(J m�2)
KEN

(Jm�2mm�1)

Fraction
of KE0a

(%)

Fraction
of KE0b

(%)

Rf I1 16�3 4�7 0�3 16,280 1�62 2�39 3�38 295�4 18�2 42 0
N3 14�8 2�0 0�3 30,514 1�08 1�76 3�80 171�3 11�5 15 0
N4 33�9 5�7 0�8 42,028 1�38 2�14 3�13 534�1 15�7 26 0

Tf I1 5�7 2�2 0�1 2844 3�83 5�87 6�68 161�2 28�1 89 60
N3 8�5 0�8 0�2 8770 2�02 5�37 6�45 168�9 19�8 73 41
N4 19�5 3�4 0�4 3543 4�28 5�77 6�53 320�4 16�5 91 31

Note: Plot refers to either rainfall (Rf) or throughfall (Tf) at sites I1, N3, or N4 (Table II; Figure 1); Depth is total event rainfall or throughfall; RImax is the
maximum rainfall intensity; RImean is the mean rainfall intensity; Count is the total number of drops per cm2 during the event; D50 is the median drop diameter;
D90 is the drop diameter at the 90th percentile; Dmax is the maximum drop diameter; KE is total kinetic energy (Equation 3); KEN is normalized unit kinetic
energy (Equation 4); and fractions of KE0a and KE0b represent the portion of total effective kinetic energy associated with drops >2mm (0�1mJ) and
3�8mm (1mJ), respectively (from Equation 5).

K. NANKO ET AL.
(998 kgm�3 at 20�C). Total kinetic energy (KE; J m�2) was
calculated as Xn
KE ¼ 1
A
�
i¼1

ei (3)

Where: A is the sampling area of the disdrometer (m2); n is
the number of drops over a given period; and ei is the kinetic
energy of each drop (from Equation 2). Normalized unit
kinetic energy (KEN; Jm

�2mm�1) was calculated as

KEN ¼ 1
P
�KE (4)

Where: P is event precipitation determined by summing the
volume of all measured rain drops.
Copyright © 2012 John Wiley & Sons, Ltd.
Effective kinetic energy (KE0; Jm�2), which is an
estimate of the energy associated with drops having high
potential for causing splash detachment, was calculated as
follows:

KE0 ¼ 1
A
�
Xm
i¼1

ei � e0ð Þ for ei > e0 (5)

Where: m is the number of drops with kinetic energy ex-
ceeding e0, which is the threshold kinetic energy that must
be exceeded for erosion to occur (cf. Sharma et al., 1995;
Salles et al., 2000; Kinnell, 2005; Wakiyama et al., 2010).
LAND DEGRADATION & DEVELOPMENT, (2013)
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Previous studies found kinetic energy thresholds of less than
1mJ (summarized in Salles et al., 2000). Sharma et al.
(1995) estimated the range of threshold kinetic energy to
be 0�05–0�28mJ using 33 cropland soils. Herein, we
consider two kinetic energy thresholds: ea (0�1mJ) and
eb (1mJ). These levels are associated with 2�0- and 3�8-
mm-diameter raindrops, respectively, falling at terminal
velocity. Thus, the effective kinetic energies are calculated
for ea (KE0a) and eb (KE0b) that represent thresholds after
which erosion is likely to occur.
Time-integrated kinetic energy (KEtime; Jm

�2 h�1) can be
calculated from rainfall intensity (RI; mmh�1) and normar-
ized unit kinetic energy.

KEtime ¼ KEN�RI (6)

For open rainfall, KEN has been estimated from empirical
data (Kinnell, 1980):

KEN ¼ emax 1� a exp �b�RIð Þ½ � (7)

Where: emax denotes maximum unit kinetic energy (Jm�2

mm�1), and a and b are empirical constants. In general, rain-
fall with higher intensity has larger raindrop size distribution
(e.g., Marshall and Palmer, 1948), and the larger drops have
higher falling velocity (e.g., Atlas et al., 1973). However,
unit kinetic energy has an upper limit because raindrop size
in open rainfall also has an upper limit. The review of van
Dijk et al. (2002) reported a general emax value of 28�3 Jm�2

mm�1. However, emax will vary among storm types, with
warm frontal rainfall, orographic rainfall, and drizzle all
having lower values than cold frontal rainfall and
thunderstorms.

RESULTS

Light Transmission and Ground Cover

Miconia had among the lowest LTRs of the seven stands
tested in this study (Table I). However, light transmission
was highly variable from point to point within some stands,
as indicated by the large coefficients of variation (COV).
While LTR at the ‘ōhi‘a 2 stand was slightly lower than that
of the miconia stand, COV values show that light levels
were much more variable under native forest compared
with miconia where LTR was uniformly low. As high-
light-intensity sunflecks often penetrate the canopy in native
forest in Hawai‘i (Cordell and Goldstein, 1999), our data
suggest that canopy gaps are much less numerous in miconia
stands—a situation that likely inhibits the growth of erosion-
mitigating ground cover. Live understory vegetation and
litter densely cover the ground at native forest sites (e.g.,
Figure 3C), whereas the soil is almost entirely exposed with
bared roots under miconia (e.g., Figures 2 and 3D); also see
Figure 2 in Giambelluca et al., 2010). At ceptometer mea-
surement points within the miconia stand at Onomea, visual
assessments of live understory coverage corresponded
closely with variations in measured light transmission, that
is, locations with the lowest light transmission were associ-
ated with little live ground cover.
Copyright © 2012 John Wiley & Sons, Ltd.
The sparseness of live ground cover under miconia is
exacerbated by a lack of litter accumulation. Note that
LTR is even lower under Morella faya than miconia. This
invasive tree similarly inhibits ground cover vegetation,
but generally maintains a significant litter layer (Loh,
2004). As is evident in Figure 3D, leaf litter was minimal
in the miconia stand. By comparison, accumulated fine litter
biomass at native ‘ōhi‘a forest site N1 was 1�8 kgm�2 and
exhibited an average depth of approximately 10 cm on the
forest floor (unpublished data). Leaf litter decay rates are
known to be quite low in native forests in Hawai‘i in com-
parison with those found in invaded ecosystems (Allison
and Vitousek, 2004). For ‘ōhi‘a, the exponential litter decay
coefficient, K, ranges from 0�22 y�1 (for mean annual pre-
cipitation = 500mm) to 1�06 y�1 (for mean annual precipita-
tion = 5000mm; Austin and Vitousek, 2000). In comparison,
K was 4�9 y�1 for miconia (Allison and Vitousek, 2004).
Rapid litter decomposition exposes the soil surface to direct
throughfall drop impact with high kinetic energy.

Open Rainfall Kinetic Energy

Precipitation totals derived from disdrometer measurements
were 16�3, 14�8, and 33�9mm (14�2, 12�7, and 30�4mm based
on the tipping-bucket raingauge) for the monitored events at
sites I1, N3, and N4, respectively (Table III). Data from the
National Climatic Data Center (NCDC) 30-year daily rainfall
archive recorded Hilo Airport, from which the three observa-
tion sites are all within 11 km, suggest that these events are
typical. For example, NCDC data show that median daily
rainfall is 5�1mm, with rain days representing 75 per cent of
the annual total. Days with precipitation<20 and 35mm com-
prise 40 and 57 per cent of the mean annual rainfall depth, and
85 and 93 per cent of the total annual rain days.
Total kinetic energy of open rainfall during the monitored

event was 295, 171, and 534 Jm�2 at sites I1, N3, and N4,
respectively (Table III). Site N4 had the largest total kinetic
energy due to higher gross rainfall (33�9mm). Although total
rainfall was similar at I1 and N3 (16�3 vs 14�8mm), site I1 had
1�72 times as much kinetic energy because the drop size was
greater.
Calculated unit kinetic energy increased with rainfall in-

tensity to a limit at approximately 24 Jm�2mm�1 (Figure 4).
The variables emax, a, and b determined from Equation 7 by a
nonlinear least-squares method were 19�6, 0�76, and 0�13,
respectively. This value for emax is lower than that calculated
in a prior work (23�7 Jm�2mm�1) by van Dijk et al. (2002);
based on data of Blanchard (1953). Our value may be an un-
derestimate because it is based on a narrower range of rainfall
(0–35mmh�1) than in the prior study (0–127mmh�1).
Thus, we use emax = 23�7 Jm�2mm�1; and a and b are 0�73
and 0�065, respectively. The estimated KEN of open
rainfall during monitored events ranged from about 14�7 to
23�7 Jm�2mm�1 for intensities between 10 and 100mmh�1.

Throughfall Kinetic Energy

Throughfall depth and total kinetic energy were lower than
open rainfall because of interception loss from the canopy
LAND DEGRADATION & DEVELOPMENT, (2013)



Figure 4. Unit kinetic energy related to rainfall intensity calculated from 10-
min interval datasets. A scatter plot showing the relationship between rainfall
intensity and kinetic energies of open rainfall with throughfall at three sites.

Figure 5. Exceedance probability of drop diameters determined at observa-
tion sites I1, N3, and N4 (Table II). Lines with symbols refer to throughfall;

those without symbols, rainfall.

Figure 6. Mean drop velocities for various drop diameters, based on data
collected at sites I1, N3, and N4 (Table II). The solid lines represent terminal
velocity (Vt) and velocity for drops falling from heights of 2m (V2m) and

5m (V5m) (from Zhou et al., 2002).
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surface and rainwater partitioning to the stemflow. Through-
fall was 35, 57, and 58 per cent of open rainfall at sites I1,
N3, and N4, respectively; and throughfall total kinetic energy
percentage was 55, 99, and 60 per cent of open rainfall.
Normalized unit kinetic energy (KEN) of throughfall was
higher than that of rainfall at all sites (Table III). In particu-
lar, KEN (28�1 Jm�2mm�1) at miconia site I1 was 54 per
cent higher.
The relationship between throughfall KEN and intensity

was more scattered than that for open rainfall (Figure 4).
Previous studies showed throughfall KEN, particularly that
associated with leafdrip, was independent of rainfall inten-
sity (Brandt, 1990), whereas KEN of open rainfall increased
with rainfall intensity (Kinnell, 1980: van Dijk et al., 2002).
Calculated KEN was therefore assumed to be constant (28�1,
19�8, and 16�5 Jm�2mm�1) at sites I1, N3, and N4, respec-
tively (Table III). Site I1 had higher KEN than open rainfall
because emax = 23�7 Jm�2mm�1. KEN at the site N3 was
higher than that of open rainfall until rainfall intensity
exceeded 23mmh�1 (Equation 7). Similarly, KEN at the site
N4 was higher than that of open rainfall for intensity values
<13mmh�1 (Equation 7).
Difference in throughfall KEN among sites was related in

part to different distributions of drop size and fall velocities
associated with various canopies (Figures 5 and 6).
Throughfall drops were greater than those of open rainfall
at each site (Figure 5). D50 was largest at the N4 site, but
D90 was largest at the I1 site (Table III). The fractions of
drops exceeding 3mm in diameter were 62, 37, and 81 per
cent at the sites I1, N3, and N4, respectively, and 8, 5, and
5 per cent for drop fractions exceeding 6mm in diameter.
Throughfall at site N3 had the most equal proportions of
large and small drops. With respect to fall velocity, miconia
site I1 had higher velocity than the others because site I1 had
greater tree height and branch height (Figure 6). The
estimated average falling heights from the velocity were
5–8m at site I1, 4–5m at site N3, and 2–3m at the site
N4 (cf. Nanko et al., 2008b), values that correspond to
Copyright © 2012 John Wiley & Sons, Ltd.
canopy structure (Table II). All velocities were less than ter-
minal velocity. Drops with diameters exceeding 3mm must
fall at least 12m to accelerate to terminal velocity in air at
1 hPa and 20�C (Wang and Pruppacher, 1977).
DISCUSSION

The effects of ground cover on soil erosion are well estab-
lished. Splash detachment, runoff production, and soil
erosion generally increase as the proportion of ground cover
decreases (Osborn, 1954; Elwell and Stocking, 1976; Gilley
et al., 1986; Woo and Luk, 1990; Loch, 2000; Smets et al.,
2008). Raindrop impact on soil surface plays two roles for
inter-rill erosion: soil splash and seal formation. Continuous
and concentrative raindrop impacts over a short period cause
soil splash detachment on the forest floor (Nanko et al.,
2008a). Infiltration capacity also decreases with increasing
kinetic energy of drops (e.g., Agassi et al., 1985; Shainberg
et al., 2003; Nanko et al., 2010). Surface runoff and erosion
are often severe if ground cover declines below 50 per cent
LAND DEGRADATION & DEVELOPMENT, (2013)



igure 8. Comparison of kinetic energy among open rainfall and three
roughfall sites (I1, N3, and N4) observed or estimated at each site for the
ainfall event at N4 during 21–22 Dec 2007. Observed data are used for open
rainfall and for the N4 site. Estimated values are used for sites I1 and N3.
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(Elwell and Stocking, 1976). In contrast with native forest
sites in Hawai‘i, areas under miconia typically have much
less ground cover. For example, the sites shown in Figures 2
and 3D have estimated cover values near the 50 per cent
threshold. Erosional evidence at these sites included rills
and soil pedestals. Although we did not quantify ground
cover systematically at the sites, visual estimates allow us
to conclude that the cover that typically occurred was not
sufficient to form a protective layer capable of mitigating
erosion processes.
The energy associated with large drops falling from

vegetation canopies is also critical in assessing erosion
potential. For open rainfall, the fraction of kinetic energy as-
sociated with drops >2mm (KE0a) ranged from 15 to 42 per
cent, with the value increasing with rainfall intensity
(Table III; Figure 7). However, large drops (>3�8mm) were
not observed; thus, KE0b was zero for all rainfall events. In
contrast, the fraction of KE0a and KE0b for throughfall was
much higher: >73 and 31 per cent at all sites. The fractions
of KE0a were similar between miconia site I1 and site N4;
however, the fraction of KE0b was much higher in the
miconia stand (60 vs 41 per cent), indicating the potential
for greater surface erosion in the former.
To demonstrate how the erosivity varied among canopy

species under a same rainfall condition, the total kinetic
energy and effective kinetic energy were estimated at the
three sites for the observed rainfall at the site N4 using the
observed throughfall characteristics (Figure 8). Total kinetic
energy was higher in open rainfall than each throughfall site;
however, the effective kinetic energy was higher for
throughfall. Kinetic energy components differed among the
three canopy species. Importantly, the effective kinetic
energy was largest at the miconia site. This higher value
combined with a high KE0b supports the notion that miconia
invasion could increase the erosivity of a site by affecting
throughfall drop properties. In such an instance, the decreas-
ing canopy thickness associated with transition to miconia
could increase all the following: initial throughfall depth,
Figure 7. Exceedance probability of drop kinetic energy determined at
observation sites I1, N3, and N4 (Table II). Lines with symbols refer to

throughfall; those without symbols, rainfall.

Copyright © 2012 John Wiley & Sons, Ltd.
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proportional volume and number of large throughfall drops,
and throughfall kinetic energy (Nanko et al., 2008b).
The situation of miconia is somewhat analogous to that of

unmanaged cypress plantations in Japan (Miura et al., 2002;
Onda et al., 2010; Wakiyama et al., 2010). Monotypic
stands typically have little protective ground cover vegeta-
tion to mitigate the impact of throughfall dripping from uni-
form canopies. Miconia invasion is, however, more serious
because throughfall drop size is larger. For example, D50 is
less than 2�5mm under Japanese cypress (Nanko et al.,
2008a, 2008b), compared with 3�8mm under miconia.
Moreover, the annual precipitation at the study sites in
Hawai‘i (ca. 3800mm) is twice that at the study sites in
Japan (ca. 1700mm). Although monitored rainfall events
were limited, this study provides useful insight for under-
standing the erosive potential by miconia invasion.
CONCLUSIONS

Measurements from the Island of Hawai‘i suggest several
factors potentially accelerate soil erosion in invading mico-
nia stands. Low light levels below miconia canopies inhibit
the growth of understory vegetation that provides protection
from throughfall drop impact. Rapid rates of decomposition
of organic litter on the forest floor also limit surface cover
development. Compared with native ‘ōhi‘a stands, through-
fall energy is greater in miconia stands because a higher
proportion of large drops exceeds erosive thresholds. This
difference is, in part, related to miconia having a single,
uniform canopy instead of a multi-story canopy that is often
associated with native ‘ōhi‘a forest stands. Thus, exposed
roots found in stands invaded by miconia are likely the
direct result of high-energy throughfall striking a ground
surface lacking sufficient protective surface cover to miti-
gate erosion processes. Invasive miconia not only represents
an ecological threat to sensitive ecosystems but may also act
as an agent of land degradation by accelerating surface
erosion.
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