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ABSTRACT

While the influence of canopy trees on soils in

natural and restored forest environments is well

studied, the influence of understory species is not.

Here, we evaluate the effects of outplanted native

woody understory on invasive grass biomass and

soil nutrient properties in heavily grass-invaded 30

+year-old plantations of a native N-fixing tree

Acacia koa in Hawai‘i. We analyze soils from under

A. koa trees with versus without planted woody

understory and compare these to soils from under

remnant pasture trees of the pre-deforestation

dominant, Metrosideros polymorpha where passive

recruitment of native woody understory has oc-

curred since the cessation of grazing. Simultane-

ously, we experimentally planted understory

species at three times the density used by managers

to see if this could quickly decrease grass biomass

and change soil nutrient dynamics. We found that

invasive grass biomass declined with understory

planting in surveyed and experimental sites. Yet,

woody understory abundance had no effect on N

cycling. Short-term N availability and nitrification

potential were higher under A. koa than M. poly-

morpha trees regardless of understory. Net N min-

eralization either did not differ (�1 mo) between

canopy species or was higher (171 day incubations)

under remnant M. polymorpha where organic mat-

ter was also higher. The only influence of under-

story on soil was a positive correlation with loss-

on-ignition (organic matter) under M. polymorpha.

We also demonstrate differential controls over N

cycling under the two canopy tree species. Overall,

understory restoration has not changed soil char-

acteristics even as invasive grass biomass declines.
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HIGHLIGHTS

● Planting out native woody understory reduces

persistent invasive grasses.

● Yet, it has no detectable effect on soil nitrogen

cycling.

● Canopy tree species drive soil N cycling in

different ways, and this is independent of

understory.

INTRODUCTION

Reforestation of once forested landscapes via

planting of canopy trees is widespread due to local

and international conservation initiatives (for

example, https://www.iucn.org/theme/forests/our-

work/forest-landscape-restoration/, https://www.

trilliontreecampaign.org/). The resulting tree

stands can be dramatically different from remnant

forest stands in their canopy composition as well as

their understory, particularly if canopy trees are

monospecific and no effort is made toward under-

story restoration (for example, Powers and others

1997; Scowcroft and others 2004; Ostertag and

others 2008; McClain and others 2011; Wilson and

Rhemtulla 2016). Tree canopy composition can

influence nutrient accumulation and cycling,

which in turn can influence the successional tra-

jectory of the ecosystem (Vitousek and Walker

1989; Powers and others 1997; Binkley and Giar-

dina 1998; Wedderburn and Carter 1999; Hobbie

and others 2006; Reed and others 2008; Omeja and

others 2011; Carnol and Bazgir 2013, Yelenik

2017). In some cases, canopy composition results in

the development of vegetation that inhibits the

natural recruitment of native woody taxa (Royo

and Carson 2006). Few studies have evaluated how

active restoration of understory after canopy tree

planting influences a recalcitrant understory and

soil nutrient cycling, or the interactions between

these.

While forest restoration with N-fixing trees is

often utilized with positive outcomes (for example,

Parrotta 1992; Chaer and others 2011; Hoogmoed

and others 2014), planting with N-fixers may not

always be beneficial, especially when in monocul-

ture (Yelenik 2017). Nitrogen (N)-fixing woody

plants can have profound consequences for

understory development and soil N cycling by

increasing litterfall and N availability (Hart and

others 1997; Hughes and Denslow 2005), changing

P limitation (for example, Allison and others 2006)

or influencing secondary compounds, microbial

activity and decomposition (for example, Allison

and others 2006; Marchante and others 2008;

Castro-Dı́ez and others 2012). N-fixers can stall

succession by shading out seedlings of other spe-

cies, creating N conditions that favor fast-growing

non-native species, or interfering with native

understory establishment in other ways (Maron

and Connors 1996; Adler and others 1998; Royo

and Carson 2006; González-Muñoz and others

2012; Yelenik 2017). Non-native understory spe-

cies can then generate or perpetuate high available

N conditions. Invasive grasses in the understory of

eastern USA forests, for example, accelerate N cy-

cling while limiting native plant recruitment (Lee

and others 2012; Rippel and others 2020). Whether

resource conditions and stalled succession perpet-

uated by N-fixing canopies can be reversed through

restoration of understory species remains unex-

plored.

Despite the potential importance of understory

vegetation to succession and nutrient cycling (for

example, Chapin 1980; Nilsson and Wardle 2005),

few case studies of the plant and soil-related out-

comes of understory restoration exist. Particularly

lacking are studies done in the absence of other

management actions. Most studies use understory

removal rather than planting to evaluate the role of

understory (Wardle and Zackrisson 2005; Mat-

sushima and Chang 2007; Xiong and others 2008;

Wang and others 2014) or they evaluate the role of

understory after 1–2 decades of canopy and

understory manipulations such as via fire or forest

thinning (Laughlin and others 2011; Yelenik and

others 2013; Burton and others 2017). Direct

restoration of understory species could reduce

undesirable species that have benefitted from high

soil N by sequestering N into more conservative

(slow-growing, slow N turnover) woody biomass,

and shifting the composition of leaf litter. Alter-

natively, planted understory species may suffer

competition from nitrophilous understory species,

particularly if those are promoted by high N-

availability under an N-fixing canopy. In this case,

direct restoration may have little effect on soil

nutrient dynamics. It is not clear how dense

understory must be to influence soil N conditions

created by canopy trees.

The planting of canopy N-fixing trees in grass

dominated pastures where montane forest (�
1600–2000 m.a.s.l.) once stood has been taking

place for several decades in Hawai‘i (Baker 2009).

Restoration at mid and high elevations is intended

to quickly create habitat for the upslope movement

of critically endangered forest birds (Paxton and

others 2018). Such restoration has focused on the
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planting of extensive corridors of the endemic fast-

growing, N-fixing tree, Acacia koa, with little

attention to understory (Baker 2009). Yet some

native forest birds rely on fleshy fruit bearing

understory plants (Paxton and others 2018). Sev-

eral studies have demonstrated that A. koa en-

hances short-term N availability beneath its canopy

(Scowcroft and others 2004; Yelenik 2017; August-

Schmidt 2018) and that passive understory regen-

eration does not occur under A. koa, at least not on

a 40 year timescale, because of densely growing,

invasive grasses that benefit from the high-N

environment (Scowcroft 1992; Scowcroft and oth-

ers 2007; Yelenik and others 2020, 2022a; Rehm

and others 2023). Indeed the understory of Acacia

koa plantations across Hawai‘i are dominated by

invasive alien species primarily grasses (Baker

2009). Understory native woody plantings within

A. koa stands could disrupt this relationship by

creating competition with dense-growing grasses

and by changing the chemistry of litter going into

the soil organic matter pool (McDaniel and Os-

tertag 2010; Yelenik and others 2022b).

In the current study, we evaluated the responses

of invasive grass biomass and soil properties (N

cycling, microbial biomass, nitrification potential,

organic matter) under two different native canopy

tree species to varying understory woody plant

densities. We focus on planted corridors of A. koa

(hereafter, AK), identifying trees with and without

planted understory, and compare these to nearby

remnant Metrosideros polymorpha (hereafter RO for

“remnant ‘ōhi‘a”) trees with a range in density of

native woody understory that has recruited natu-

rally since the cessation of livestock grazing

40 years ago. The RO sites represent a more desir-

able management trajectory because they contain

diverse native plants that attract native endangered

birds (Paxton and others 2018) and help provide

water capture (Takahashi and others 2011; Fortini

and others 2020). M. polymorpha normally domi-

nates intact Hawaiian forest (Mueller-Dombois and

others 2013), yet is largely absent within the

extensive planted A. koa corridors.

Recent planting of understory species under AK

trees and natural recruitment under ROs provides a

gradient of understory basal area that allows us to

ask the following questions: (1) How does invasive

grass abundance change as understory develops

under each canopy tree? (2) How does native

understory basal area influence N cycling and other

soil metrics? And (3) What plant and soil variables

best predict N cycling and soil metrics under the

two canopy tree species? We predicted that as the

basal area of planted understory increased under

AK, N availability and invasive grasses would de-

crease, leading to soil properties resembling those

under RO trees. The prediction of reduced N

availability is based on an assumption (not tested

here) that there would be increased N uptake by

woody plants since they increase diversity of

growth forms and overall net primary production.

In addition they will contribute leaf litter of dif-

ferent quality than AK (since none are N-fixers)

thus diversifying the low C:N litter inputs typical of

AK (Yelenik and others 2022b).

In addition to these observational studies, we

conducted an outplanting experiment to ask: (4)

Can high-density understory planting reduce

invasive grasses and alter soil N within 4 years? By

planting at more than three times the density typ-

ically used in restoration plots (Steve Kendall,

USFWS, pers. comm. 2019), we predicted that we

should see reduced grass biomass and a decline in

available N as mineral N is moved into woody

biomass.

A final goal was to address, (5) How do soil

conditions under canopy trees (AK or RO) compare

to conditions in adjacent unrestored pasture? Our

goals do not include comparisons to intact forests.

Rather, we evaluate how soils beneath plantation

AK or RO trees compare to the absence of a tree

canopy. We predicted that these open sites would

have lower organic matter and microbial biomass

compared to either tree type due to the lower C

inputs in the relative absence of tree and shrub

litter.

METHODS

Study Site

Hakalau Forest National Wildlife Refuge is a

13,240 ha high elevation tract on the windward

side of Hawai‘i Island, USA. The area receives

approximately 2700 mm rainfall annually

(Giambelluca and others 2013, Hawai‘i Rainfall

Atlas). The refuge includes intact forest at lower

elevations (<1600 m.a.s.l.), and large areas (�
2000 ha) where forest was cleared. The intact forest

is dominated by M. polymorpha with A. koa as the

second most abundant canopy tree. Clearing for

livestock occurred in the 1800s with some remnant

M. polymorpha and A. koa trees left within pastures.

The US Fish and Wildlife Service (USFWS) pur-

chased the land in the 1980s, fenced and removed

ungulates and in the early 1990s, planted corridors

of A. koa to initiate forest recovery and facilitate

development of endangered bird habitat. Yet the

understory of the A. koa corridors today remains
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dominated by two introduced (African) perennial

grasses, Cenchrus clandestinum (kikuyu) and Ehr-

harta stipoides (meadow rice grass). Native under-

story species have not regenerated in these

corridors or under remnant koa (Yelenik 2017)

reducing their attractiveness for native frugivorous

birds. Consequently, over the past 15 years, the

USFWS has begun to outplant understory species,

including Cheirodendron trigynum, Coprosma rhinco-

carpa, Ilex anomola, Myrsine lessertiana, and Vaccinium

calycinum. Metrosideros polymorpha is also sometimes

planted into this understory. While we do not

know the precise planting time of locations we

sampled, we chose sites where understory woody

plants were at least 8 years old based on size and

our familiarity with plant growth rates. These

approximate dates were corroborated by USFWS

personnel.

In contrast to the dense grass under AK trees, RO

trees vary in their understory composition from

almost 100% non-native grass cover to dense ‘ha-

los’ of native shrubs and sub-canopy trees extend-

ing to and sometimes beyond the edge of the RO

tree canopy (Yelenik 2017). These ‘halo’species

have recruited into the understory since the re-

moval of ungulates (Yelenik 2017). Common

understory species include many of those currently

being used in understory outplanting efforts (Rehm

and others 2021).

Soils across the refuge are acidic andisols of the

Laupahoehoe Volcanic series (Peterson and Moore

1987). The surface soils are well-drained loams and

typically have high organic matter. They overlay

basalt lava flows between 10,000 and 20,000 years

old (Scowcroft and others 2004).

Focal Tree and Sample Site Selection

From October 2016 through February 2017, we

conducted an initial tree survey along transects

established by USFWS for annual bird point-

counts. Every 200 m we located potential focal

trees of the two canopy types. For RO, we at-

tempted to locate trees outside of AK corridors to

isolate species-specific canopy effects. We visually

estimated percent cover of understory species

within a 5 m radius of the potential focal tree and

then chose a non-random subset of twenty of each

of these tree-centered plots stratified to ensure

overstory tree types were spread across the refuge

(Figure S1) and to be representative of a gradient of

woody understory density under each canopy

species.

Understory woody plants in AK sites were from

plantings, as there is no natural recruitment there.

By contrast, the understory woody plants in all RO

sites were ‘naturally recruited’ since there is no

active planting under ROs. Soil from six ‘open

grassland’ (OP) sites was sampled as a comparison

to tree-covered plots. Open sites were more than

10 m from a tree with no A. koa suckers or woody

plants in a 100-m2 area around the center point.

We included fewer open sites because it was diffi-

cult to find ones without A. koa root suckers, or that

were not on rocky topography or covered with

invasive Rubus argutus (Florida raspberry). OP sites

were representative of abandoned pasture without

restoration.

Vegetation and Soil Sampling

At each chosen focal tree or OP center point, we set

out 5-m radius transects and surveyed all woody

plants in pie wedges formed by these transects. We

placed each plant encountered into a basal diame-

ter size class identified to species. Grass cover was

visually estimated by 2 or 3 observers. To sample

the grass and litter biomass, we placed 1 m90.5 m

quadrats 2.5 m away from the central plot point in

each cardinal direction. We harvested grass biomass

to the soil surface (considered to be soil without

recognizable leaves) and separated out plant litter.

The grasses and plant litter were weighed in the

field, and a subsample of each returned to the

laboratory to be dried for conversion to dry bio-

mass. Subsamples were ground through 20 mm

Wiley mesh and a Wig-L-bug (Crescent Dental),

and analyzed for %C and %N on an elemental

analyzer (Fison Instruments) at the University of

Hawai‘i, Hilo Analytical Lab. Values from the four

quadrats were averaged to a single value per tree.

We also took two 15 cm deep, 2.5 cm wide soil

cores in two of the quadrats. The 4 cores per focal

tree were combined into one bag for a single

composite sample. Samples were transported to the

laboratory in coolers and sieved through 2 mm

mesh within a week of collection and stored in a

refrigerator at 4C until the first extractions (�
2 weeks). Soil organic content was estimated on

dry subsamples from each site by measuring the

loss of weight after ignition (Loss-on-ignition) in a

550 °C muffle furnace for 5 h. Values are presented

as raw numbers since we did not establish a carbon

correction factor for these soils, yet we consider

them indicative of soil organic matter in these low

clay soils.

Short-Term N Availability

We used two methods to determine short-term N

availability: (1) A five-day laboratory resin capsule

C.M. D’Antonio and others



incubation (hereafter, resinN) begun immediately

after the final soil samples were sieved, and (2) a

roughly one-month (26 days) aerobic laboratory

incubations (netmin) begun at the same time. For

resinN, 35–40 g of field moist soil was wetted with

DI water to form a paste following methods from

Unibest (https://www.unibestinc.com/technology).

Then a resin capsule (Unibest) was inserted into the

paste and incubated for 5 days in the dark at 22 °C
in the laboratory. Retrieved resin capsules were

washed with a forceful stream of DI water and then

dripped with 2N HCl (https://www.unibestinc.

com/technology). The extracted solutions were

analyzed for NH4 and NO3 at the UHH Analytical

lab. Values were converted from ppm to ug mineral

N captured per g resin per day. These HCl extracts

were also analyzed by Unibest for other associated

ions (data not reported here). For short-term net-

min, sieved soils were wetted to 70% of water

holding capacity (determined in the lab with fun-

nel method) and allowed to incubate in a plastic

bag (Zip-loc) for two days at room temperature in

the dark before a time zero (T0) sample was taken.

At that time, 10-g of soil was placed into a tin and

dried overnight at 100 °C for gravimetric water

determination. 20 g were extracted immediately

with 2 M KCl for T0N, and an additional 20 g were

placed into a specimen cup, covered, and incubated

for 26 days at 20–22 °C in the dark in Hawai‘i. After

26 days, samples were extracted with 2 M KCl.

Extractants were analyzed for NH4 and NO3 at the

UHH Analytical lab on a flow injection analysis

system (Lachat 8500 Quickchem). Short-term

netmin was calculated as T1(NH4+NO3)—T0(NH4

+NO3) divided by the dry weight of incubated soil.

Net nitrification was calculated similarly.

Nitrogen availability metrics were not meant to

substitute for field rates as both disturbance and

storage conditions disrupt N dynamics (for exam-

ple, Collier and Ruark 2021). Rather, they were

meant as comparative methods across ‘treatments’

(vegetation categories) to evaluate mineralization

potential.

Long-Term N Transformation,
Nitrification Potential and Microbial
Biomass

To measure the comparative long-term ability of

soils to mineralize N, we shipped sieved, moistened

soils in coolers to the University of California, Santa

Barbara (UCSB), where they were kept at 4 °C
for�three weeks. In total these soils had been field

collected for�10 weeks prior to the initiation of

this long incubation. While we recognize that how

soils are handled can strongly influence their

mineralization potential (Benghi and Richter

2002), and cold storage decreases mineralization in

tropical soils (Arnold and all 2008), all soils were

treated equally after collection and experienced no

air drying since this can dramatically change C and

N mineralization (for example, Benghi and Richter

2002; Collier and Ruark 2021). Furthermore, stor-

age time has been shown not to influence differ-

ences among soil microbial communities in

different soils (Gonzalez-Quinones and others

2009). Thus, comparisons among vegetation treat-

ments should be robust (Collier and Ruark 2021).

To assess whether soils at UCSB were similar in

their potential to when we collected them, we re-

gressed the T0 mineral N value from our Hawai‘i

netmin study, with the Tinitial value of each core in

the UCSB long-term netmin and found that they

were correlated (Figure S2) particularly for the RO

cores (R2=0.68). The UCSB, Tinitial values are much

higher because the soils had been sitting for some

time (even though refrigerated), but they

nonetheless correlated with the original extraction

values.

To set up the long-term incubation, soils were

divided into multiple 10-g subsamples, each placed

into a falcon tube and incubated in mason jars at

22 °C on a 12 h:12 h light dark cycle for�five

months. N mineralization was measured by taking

a Tinitial sample and samples at�4–8 week intervals

to a maximum of 171 days. Sampling involved

extraction with 2 M KCl, as well as measurement of

24 h soil respiration rates using an infrared gas

analyzer (Licor-CO2 gas analyzer) prior to KCl

extraction.

We measured the relative size of the microbial

nitrifier community via a nitrification assay as-

sessed using a chlorate slurry inhibition method

(Belser and Mays 1980). We incubated 5 g of moist

soil for 6 h in a solution containing 0.2 M

dipotassium phosphate (K2HPO4), 0.2 M

monopotassium phosphate (KH2PO4), and 0.2 M

ammonium sulfate ((NH4)2SO4). The goal was to

provide abundant substrate to microbes, while

blocking oxidation of nitrite to nitrate. We deter-

mined NO2 concentrations with a colorimetric as-

say at hours 0, 3 and 6 and estimated nitrification

potential using the rate of increase in NO2
− over the

course of the assay. The assay was conducted after

the soils had incubated for�two months.

To measure microbial biomass, we used a sub-

strate-induced respiration (SIR) assay following

Fierer and others (2003) modification of West and

Sparling [1986]. The assay was performed on soil

subsamples from the same bulk samples on which
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nitrification potential measurements. The method

relies on measuring the response of microbes to an

excess of labile C as yeast. Five grams of wet soil

were incubated with the yeast, after which CO2

efflux rates were measured at T0 (10 min post yeast

addition), and approximately 2 and 4 h later by

injecting gas from the headspace of each jar into an

infrared gas analyzer (Licor IRGA). Conversion of

CO2 efflux rates to an index of SIR was done fol-

lowing Fierer and others (2003).

Experimental Understory Density
Treatments

To evaluate experimentally how understory

planting density affects grass biomass and soil

properties, we planted understory species com-

monly used in restoration at Hakalau Forest around

single AK trees with no previous outplanting. We

selected sets of trees at seven sites that were at least

100 m apart from each other and applied three

treatments: control, single density and double

density. For the single-density treatment, seedlings

of 5 woody plants species (four C. trigynum (‘ōlapa),

four C. rhynchocarpa (pilo), three M. lessertiana (kō-

lea), three V. calycinum (‘ōhelo) and two I. anomala

(kāwa‘u) were outplanted around focal AK with 16

individual plants planted into a roughly 28 m2 area

(=0.57stems m−2). This is almost three times the

planting density currently used by the USFWS. For

the high-density planting treatment, seedlings

were planted at twice this density (1.14stems m−2).

The highest density we could find in USFWS out-

planting was 0.65 stems m−2. For examples of how

these plantings look see Figure S3. Two of the

species (‘ōlapa and pilo) were planted in July 2016,

and the rest in October 2016 (see Yelenik and

others 2022b). The understory of all trees was ini-

tially dominated by kikuyu grass with no woody

plants. Outplant height averaged 40 cm. The mix of

species was typical of those found naturally

recruiting around RO. Nitrogen availability and

grass biomass were sampled immediately prior to

planting and found to not be different between the

plots (Yelenik and others 2022b).

In September 2020, we harvested grass and

standing woody litter to the soil surface in two

0.5 m90.5 m quadrats per AK tree as well as at one

nearby AK tree within 10 without understory

plantings as a control (n=7). Clipped plots were

located 0.5 m north and east of the focal AK. We

then collected soil by taking one 3.8-cm diameter

by 10 cm deep soil cores from both clipped plots,

bulked the two cores into one sample per tree, and

sieved the samples through 2 mm mesh. We ex-

tracted 10 g of sieved soil with 50 mL of 2 M KCl for

1 h and filtered the extracts. Extracts were analyzed

at the UHH Analytical Lab for inorganic N (Lachat

Quikchem 8500) and corrected for gravimetric soil

moisture. We measured soil %C and N on sieved

soil. In August 2021 we collected light transmit-

tance with a light wand (Apogee MQ-301 PAR

Meter, Logan, Utah) at breast height, with the

wand placed into the understory plantings (or a

similar location at control trees) at each of the

cardinal directions. We then took three points from

a nearby location with no canopy to get a full sun

reading and used the ratio of the understory to the

average full sun reading for light transmittance

(four readings per tree).

Statistics

We used ANCOVA to evaluate the impact of ca-

nopy tree and understory woody basal area (here-

after, UWBA,) on N availability metrics, loss-on-

ignition, microbial biomass, and nitrification

potential. Because these analyses uniformly sup-

ported the distinct nature of the two canopy soil

environments, we then analyzed controls over soil

metrics separately by tree type. Long-term netmin

was assessed using a mixed model ANOVA with

treatment (canopy type), time and their interaction

as fixed, and site (specific tree) as a random factor.

We used multiple regression to identify the best

combination of continuous predictor variables for

the N metrics for each tree species. Prior to running

the models, we assessed the distribution of residu-

als of each response variable for normality. In all

but two cases the normal distribution was sup-

ported. Where it was not (AK-longterm net min,

RO-resinN), the lognormal or another distribution

(Weibull) was chosen. We considered six potential

explanatory variables from the tree down to soil

microbes: focal tree basal area, UWBA, grass bio-

mass, litter %N (hereafter litterN), organic matter

as loss on ignition, and microbial biomass by SIR

from our lab studies (hereafter MB). Prior to run-

ning models we ran a correlation matrix among the

variables for each canopy tree species. UWBA and

focal tree size did not correlate with each other for

either canopy tree species (P>0.79 for both), so

both variables were included in models. Grass

biomass, however, declined significantly with

UWBA for both tree species. As a result, runs where

grass biomass was a contributor to the best model

were rerun without it to see if basal understory

became a significant variable. In all cases, it did not.

Because loss-on-ignition and microbial biomass

were not correlated, both were entered as

C.M. D’Antonio and others



explanatory variables. LitterN is a mass-based %N

measurement, used here as an indicator of litter

quality. Analyses were conducted in JMP version

15.1.

We assessed the effects of UWBA and focal tree

size on grass cover and biomass, using univariate

regression analyzing AK plots and RO plots to-

gether and separately. We also used univariate

regression to evaluate relationships between resinN

and other N metrics, and between loss-on-ignition

and UWBA and focal tree area. In all cases we re-

port the equation that resulted in the highest R2

value. To test whether T0 extractions from fresh

collections in Hawai‘i were similar to T0 values

when we began incubations at UCSB, we used

simple linear regression.

In the outplanting density experiment, because

multiple grass, litter, and light samples were taken

per tree, we used ANOVAs with treatment (double

density, single density, and control) as a fixed effect

and sample location nested within treatment as a

random effect. For assessing the effects of planting

density on grass and woody litter biomass, we had

two samples per AK tree whereas for light trans-

mittance we had four samples per tree. For soil

inorganic N, C:N, moisture, and organic matter

(one sample per tree because soils were bulked per

tree) we used one-way ANOVAs with treatment as

a fixed effect. Grass biomass was ln transformed for

normality. We used post-hoc Tukey tests to specify

differences between treatments when ANOVAs had

a P≤0.05.
To compare OP soils with the AK and RO soils,

we used one-way ANOVA followed by Tukey post

hoc tests. Controls over N metrics within the OP

category were assessed using linear regression with

each of four possible predictor variables. However,

several of the predictor variables were highly cor-

related with one another (for example, loss-on-ig-

nition9SIR, SIR9LitterN). This plus low sample

size limited use of multiple regression and inter-

pretation of a dominant predictor.

For all analyses, we consider that P<0.10 indi-

cated something worth discussing. In our analyses

very few p values fell between 0.05 (standard ac-

cepted significance) and 0.10. Nonetheless we dis-

cuss those that did as ‘trends’.

RESULTS

Grass Response to Understory Woody
Plants-Survey

Despite our efforts to locate AK trees with high

density of native woody understory, the basal area

of understory under RO trees tended to be much

higher than under AK trees (see differences in x-

axis points between tree types, Figure 1). Indeed,

the density of native woody stems under RO’s that

had understory far surpassed the density of native

woody understory plants under the AK trees

planted with understory (RO mean=1.74

stems m−2 [n=18, excluding trees with zero

UWBA], range 0.02 to 5.5; AK mean=0.20 stems

m−2 [n=15, excluding zeros] range 0.01 to 0.37).

Both invasive grass cover and biomass declined

as basal area of understory increased for both tree

species (Figure 1). For each tree type, increased

UWBA correlated with decreased grass biomass

(AK, F(1,19)=9.58, P<0.006; RO F(1,19)=29.08, P<

0.0001) and cover (AK, F(1,19)=17.20, P<0.001;

RO, F(1,19)=14.28, P<0.001). For AK, focal tree

size did not correlate with grass biomass (P>0.70)

or cover (P>0.45). By contrast, under RO trees,

grass biomass increased with the size of the focal

tree (R2=0.23, F(1,19)=6.81, P<0.018) while grass

cover did not (P>0.41).

Short-Term N Dynamics

Available nitrogen was higher in the AK soils

compared to those from RO locations early after

soil collection (T0) and in the five-day, resin incu-

bation (Figure 2; T0, F(3,36)=13.883, P<0.0002;

resinN, F(3,34)=9.70, P<0.0006). UWBA was not a

significant covariate (P>0.89) in the model. T0-

available N was largely as nitrate, comprising 90

and 85% of available N for the AK and RO soils,

respectively. Over the 26-day incubation period,

netmin did not differ between AK and RO soils

(Figure 2, F(3,36)=0.175, P>0.91), although net

nitrification was higher in AK than RO soils (Fig-

ure 2, F(3,36)=3.66, P<0.04).

ResinN and T0N were correlated with one an-

other for both tree species (AK, F(1,16)=10.98, P<

0.004; RO F(1,18)=25.39, P<0.001) suggesting re-

sins captured a labile pool that continued to be

present in the immediate 2 weeks after soil collec-

tion (Figure 3A). There was also a positive corre-

lation between resinN and short-term netmin for

RO trees (Figure 3B; RO F=21.27, P<0.002).

However, the relationship between resinN and

short-term netmin was flat for AK trees (Fig-

ure 3B). Together these patterns (Figure 3) suggest

different microbial/organic matter dynamics in the

two canopy types.

When soils from under AK trees were assessed

for variables predicting short-term available N

metrics using multiple regression, T0N and 26-day

netmin were both best predicted by only loss-on-
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ignition (Table 1; T0 N F=10.38, P<0.0047, R2=

0.33; 26-day netmin F=7.35, P<0.013, R2=0.26).

Higher values were correlated with a higher T0 pool

and higher short-term netmin. Neither focal tree

size nor UWBA were significant predictors of N

Figure 1. Relationship between understory woody basal area (UWBA) and two metrics of grass abundance. A Grass

biomass m2 (log+1) and B Grass % cover (Square root transformed). Each point for both metrics represents an average of

four, surveyed or harvested plots per tree. N=40 trees (20 per species). Blue=plots under planted Akacia koa (AK). Orange

=plots under remnant ‘ohi‘a (RO). Black dashed line is for both tree species combined.

Figure 2. Nitrogen availability metrics under remnant ‘ohi‘a (RO) and planted koa (AK) trees at Hakalau Forest NWR.

Bars represent means plus/minus one s.e. with all points displayed. *indicates P<0.05, ***indicates P<0.001 for dif-

ference between AK and RO soils using ANCOVA. In no case was the co-variate (understory woody basal area) significant.

Black dashed horizontal line on each plot indicates values for open soil (no canopy). Statistical comparisons of open to AK

and RO are in text.
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metrics under AK trees. Grass biomass was also not

predictive of short-term metrics.

Under RO trees, the best model for T0N includes

only litterN concentration (Table 1: F=5.71, P<

0.027, R2=0.20) while resinN was best predicted by

microbial biomass (F=5.31, P<0.033, R2=0.19). In

the latter case higher microbial biomass was nega-

tively related to resin N capture suggesting micro-

bial immobilization is occurring. In RO soils, short-

term netmin values were not well predicted by any

combination of measured variables. As with AK

soils, focal tree size, UWBA and grass biomass did

not explain variation across RO samples.

Longer-Term N Dynamics

The Tinitial values for the long-term incubations

correlated positively with T0 values on the fresh

soils when extracted in Hawai‘i suggesting that

despite sieving, shipping and 4 °C storage, the

samples retained individual identities (Figure S2).

The ANCOVA on total N mineralized showed that

after 171 days, net values in RO soils exceeded AK

soils (Figure 2, Effect of vegetation type, F=6.67, P

>0.003) by�35%. UWBA was not a significant

predictor (P>0.42) for either canopy type. With a

mixed model including time as a repeated measure,

and individual site as a random factor, canopy type

was again significant (F1,37=5.67, P<0.022) with

RO mineralizing more than AK soils. Time was also

significant with soils variably mineralizing versus

immobilizing depending on the interval (Figure S4,

time, F3,111=8.74, P<0.001). Mineralization was

highest in the latter two intervals, and lowest in the

second interval (�1–2 months after start) when RO

soils mostly immobilized N, and AK netmin values

were still relatively low. The random effect of tree

identity (site) was not significant.

Multiple regression models evaluating the best

predictors of Tfinal [5 mo] minus Tinitial for AK soils,

showed that only grass biomass is a significant

predictor of long-term netmin (Table 1: F=7.19, P

<0.0156, R2=0.25): greater grass biomass corre-

sponded to higher rates. When the model was run

without grass biomass, UWBA was still not signif-

icant. For RO soils, the best model included only

loss-on-ignition as a weak predictor (F=3.078, P=

0.096, R2=0.10), where LOI predicted higher rates.

Other functional Differences Between AK
and RO Soils

Organic matter, estimated by loss-on-ignition, was

significantly higher in RO than AK soils (Table 2, P

<0.05). In RO soils it increased as a function of

understory woody basal area (Figure 4A, F(1,19)=

4.46, P<0.011). This was not true in the AK soils

(Figure 4A, P>0.89). When all trees were com-

bined the relationship was stronger (Figure 4A, F

(1,38)=10.45, P<0.003). Multiple regression anal-

ysis suggested that UWBA and focal tree size to-

gether improved the prediction of organic matter

(Figure 4B). This combined metric was predictive of

loss-on-ignition for all trees together, RO trees

Figure 3. A Relationship between nitrogen captured on resins (5 day resin-paste incubation) and T0 available (NH4+

NO3) nitrogen from field collected soil in Hawai‘i. Blue dots and numbers are AK trees. Orange are RO trees. Black line

represents regression for all trees combined. B Relationship between nitrogen captured on resins (5-day incubation) and

short-term netmin (26 days, in Hawai‘i). Colors are as before.
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alone and marginally for AK trees (Figure 4B; all

trees F(1,38)=30.39, P<0.001; AK F(1,19)=3.18, P<

0.09; RO F(1,19)=4.66, P<0.045). Hence as trees

grow, they accumulate organic matter beneath

them, and this is enhanced by accumulating

understory. Also, loss-on-ignition values were not

correlated with MB-SIR in either RO or AK soils (P

>0.78 and P>0.96 for RO and AK, respectively),

yet they were correlated with average CO2 respired

in the long-term incubation for RO soils (data not

shown, F=9.24, P<0.007, R2=0.34), a relationship

that was weaker in AK soils (F=3.26, P<0.088, R2

=0.15).

Microbial biomass (MB) was generally higher in

RO than in AK soils despite wide variation within

canopy types (F=3.06, P=0.06) (Table 2). UWBA

was not correlated with MB across the two types

together (P>0.77). Within the AK soils, grass

biomass and litterN were the best predictors of MB,

both having a positive relationship (P=0.02). No

models were significant in predicting MB for RO

sites.

Nitrification potential (NitPot) of soils was sub-

stantially higher in AK than RO soils (Table 2, F=

6.47, P<0.0039, R2=0.22; Figure 5) and basal

understory again was not a significant covariate (P

>0.90). Grass biomass was the only predictor of

NitPot under AK trees (F=3.82, P=0.067, R2=0.13)

where more grass biomass correlated with lower

nitrification potential. Under the RO trees, litterN

was the most important predictor of NitPot with

increasing litterN corresponding with higher NitPot

(Figure 5; F(1,19)=11.30, P=0.004, Figure 5). Yet

litterN had an asymptotic relationship with NitPot

across both tree species (Figure 5, all trees F(1,38)=

13.75, P<0.001) suggesting that high mineral N

under AK was saturating nitrifying microbes but

something else (C?) was limiting their growth.

Table 1. Best Multiple Regression Model for Predicting Measured N Availability Metrics Under the Two
Trees Types (AK, [Acacia koa] Corridor Trees Versus; RO [Remnant ‘ohi’a])

N metric Best model variables F; df; R2 P value

AK alone

T0 mineral N LOI [+] 10.38; 1,18;0.33 P<0.005

ResinN No sign. model

Short-term netmin (26 days) LOI [+] 7.35; 1,18; 0.26 P<0.013

Long-term netmin (155 days) Grass biomass [+] 7.19; 1,18; 0.25 P<0.015

Nitrification potential Grass biomass [−] 3.82; 1,18; 0.13 P<0.067

RO alone

T0 mineral N LitterN [+] 5.72; 1,18; 0.20 P<0.280

ResinN MB [−] 5.31; 1,18; 0.19 P<0.033

Short-term netmin (26 days) No significant model

Long-term netmin (155 days) LOI [+] 3.08; 1,18; 0.10 P<0.096

Nitrification potential LitterN [+] 3.36; 1,18; 0.35 P<0.003

Analyses included 6 possible predictor variables: Focal tree basal area, understory basal area [UWBA], grass biomass, LitterN (measured as %N by weight on ground
combined litter pool in bulk harvests), LOI (loss-on-ignition in upper 15 cm of soil) used an indicator of soil organic matter, and MB (microbial biomass measured by SIR in
lab). Brackets denote direction of predictor variable effect.

Table 2. Soil Characteristics (See Methods) for Cores Taken From Plots Censused for Grass and Litter
Biomass and %N

AK RO Open F, P

Microbial biomass 20.508 a (1.277) 25.145 b (1.280) 22.763 a, b (2.331) 3.30, P<0.046

Loss-on-ignition 0.544 b (0.014) 0.642 a (0.014) 0.469 c (0.025) 23.55, P<0.0001

Nitrification potential 60.249 a (4.851) 35.485 b (4.800) 75.375 a (8.857) 10.71, P<0.0002

Microbial biomass was determined with the SIR technique (Fierer and others 2003). Loss-on-ignition was used as an indicator of soil organic matter and numbers are % of soil
weight. Nitrification potential was determined using methods of Belser and Mays (1980). All values are means with one s.e. in parentheses. One way ANOVA is for comparison
among canopy types. Df for all comparisons=2, 43. Lower case letters show differences among means at minimum of P<0.05 using Tukey posthoc tests.
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Experimental Density Outplanting

Four years after planting native woody understory

at two densities under AK we saw substantial dif-

ferences in grass biomass compared to controls (no

planting). Invasive grass biomass in plots where

understory was planted at double density (213±52

gm m−2) was half that of plots planted at single

density (407±40 g m−2), and a quarter of the grass

biomass found in control plots (822±52 gm m−2)

(F=199.22, P=0.0006). Leaf litter of woody species

did not differ between plots (Table 3).

Figure 4. A Relationship between loss-on-ignition (%) and understory woody basal area (UWBA) under each species

alone and combined. B Relationship between organic matter measured as loss-on-ignition and all woody basal area (focal

tree+UWBA). Best fit equations use log x for both graphs. Colors as in previous figures.

Figure 5. Relationship between nitrification potential and %N of plant litter. Blue dots are AK trees. Orange dots are RO

trees. Best fit for each tree type alone=linear. Black line represents polynomial/quadratic fit for all 40 points (both tree

types combined) showing a leveling of nitrification potential near 1.4% litter N.
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Despite strong effects of experimental plantings

on grass biomass, we found no differences in soil

inorganic nitrogen (similar to T0N methodologi-

cally), bulk soil C:N, or loss-on-ignition between

treatments (Table 3). Light transmittance, how-

ever, showed strong differences among treatments

with double-density plots having a third of the

light, and single-density plots having half of the

light as the unplanted control plots (Table 3). In

addition, soil moisture showed a trend toward dif-

ferences among treatments: lowest values were in

high-density plots, then low-density, then control

plots (Table 3).

Characterization of Open Sites

The six open sites scattered between the corridors

of AK had significantly lower LOI than either tree

type. Microbial biomass was intermediate between

AK and RO soils (Table 2). Nitrification potential in

the open resembled AK soils (Table 2).

Open soils had low T0N, resinN and short-term

netmin (Figure 2), the former two measurements

being more like those in RO rather than AK soils.

The low sample size and high correlation among

predictor variables (MB and loss-on-ignition were

strongly correlated as were litterN and MB) pre-

cluded use of multiple regression. Of the four single

variables that could correlate with the N metrics,

grass biomass was the only significant predictor for

T0 and resinN (Table 4) with both correlations

being negative. By contrast, for long-term netmin,

MB and litterN were strong positive predictors

(Table 4).

DISCUSSION

Our data support that invasive grass abundance in

reforestation settings can be reduced through

planting native woody understory (for example,

Holl 1999; McDaniel and Ostertag 2010). Our data

further support that the dramatic decline in grass

biomass in high-density planting results from light

limitation rather than changes in soil N. This is

consistent with studies demonstrating a positive

correlation of invasive grass biomass with under-

story light (Holl 1999; Aide and others 2000; Cole

and Weltzin 2004; Huebner 2010; McDaniel and

Ostertag 2010) or showing that invasive understory

grasses can be reduced through experimental

shading (for example, Funk and McDaniel 2010).

Our data also provide evidence that planting

understory at much higher densities would more

consistently and rapidly decrease grass biomass.

Because recruitment of native woody plants occurs

with grass reductions of approximately 50% (Rehm

and others 2023), we might expect natural regen-

eration to take place in areas planted at higher

densities as woody individuals become reproduc-

tive.

Our study also supports existing literature,

including two studies from nearby sites (Scowcroft

and others 2004; Yelenik 2017), documenting

strong tree canopy species effects on soil nutrient

dynamics consistent with expectations of N-fixing

versus non-fixing canopies (Finzi and others 1998;

Hobbie and others 2006). Yet, our data do not

support a role of understory restoration in influ-

encing soil conditions despite the reduction in

invasive grasses: we found no relationship between

soil N metrics and understory basal area. The best

Table 3. ANOVA Results for Soil Variables from Understory Density Planting Experiment, with Treatment
(Control/No Understory, Single Density, Double Density) as a Fixed Effect

Mean (1SE)

No understory

Mean (1SE)

19density

Mean (1SE)

29density

F P

NO3
− (µg N g dry soil−1) 27.81 (3.98) 28.74 (4.40) 36.93 (3.29) 1.639 0.222

NH4
+ (µg N g dry soil−1) 35.24 (5.63) 28.49 (2.08) 24.09 (3.29) 2.022 0.161

Total inorganic N

(µg N g dry soil−1)

63.05 (3.83) 57.23 (6.24) 61.01 (6.24) 0.298 0.746

Soil organic matter (%) 26.01 (4.07) 31.56 (3.57) 28.38 (4.29) 0.487 0.623

Soil C:N 15.26 (0.28) 15.80 (0.23) 15.67 (0.28) 1.146 0.340

Soil moisture (%) 65.20 (3.19) 61.46 (2.37) 56.54 (2.03) 2.845 0.084

Leaf litter (g m−2) 1072.1 (186.39) 994.37 (132.15) 899.33 (103.42) 0.568 0.572

Grass biomass (g m−2) 822.09 (153.03) A 407.80 (39.89) B 213.08 (51.94) C 26.570 <0.001

Light transmittance (%) 99.11 (21.28) A 48.84 (9.52) B 32.07 (6.30) C 7.280 0.001

Sample location was nested within treatment as a random effect for variables with multiple samples per tree (grass and litter biomass, light transmittance). Letters show
significant differences between treatments as shown by post-hoc Tukey tests, which were used when ANOVA models were significant at the P≤0.05 level (shown in bold).
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predictors of N metrics vary by canopy tree type

and suggest that the net N dynamics are primarily

limited by carbon under AK trees but by nitrogen

under the RO trees.

Why no Effect of Planted Understory
on N Cycling?

Studies in forest ecosystems have documented the

role of individual understory species or leaf traits in

influencing N availability and cycling (Chapin

1980; Nilsson and Wardle 2005; Wardle and Zack-

risson 2005; Laughlin and others 2011; Yelenik and

others 2013). Additionally, studies of invasive

understory shrubs and grasses support that under-

story plant species can dramatically change N cy-

cling (for example, Kourtev and others 1999; Mack

and D’Antonio 2003; Hawkes and others 2005; Lee

and others 2012; Stark and Norton 2015). These

studies focus on naturally recruiting species (native

or invasive), that in all cases increase rates of N

cycling. We could not find studies evaluating how

actively restored understory species influence N

cycling or that showed understory species slowing

N cycling. One exception is Pan and others (2018),

where aerial seeding created two different under-

story compositions, which in turn created two dif-

ferent nutrient and microbial biomass conditions: a

grass-dominated understory showed greater

microbial biomass C and N and greater SOM than a

non-grass understory. The general dearth of studies

is evidence that the role of understory restoration

in affecting forest soils is understudied.

In our study, grass biomass was not an important

influence on short-term N cycling, yet it showed a

negative correlation with nitrification potential,

suggesting a longer-term influence. This latter

finding is contradictory to studies showing positive

effects of invasive grasses on nitrification (Hawkes

and others 2005; Lee and others 2012), and could

reflect the perennial nature of grass N uptake in our

system as opposed to the annual grasses in Hawkes

and others (2005) and Lee and others (2012).

Consistent year-round grass N uptake, along with

labile carbon from the grasses feeding ammonifying

microbes, could reduce N for nitrifying microbes

thus limiting nitrification potential. Our results are

consistent with studies suggesting warm-season

grasses can inhibit nitrification (Subbarao and

others 2015). Still, grass biomass was a significant,

although weak, positive predictor of long-term

netmin under AK trees. This could reflect that grass

biomass responds to higher soil fertility as indicated

by higher long-term netmin, or that grasses en-

hance long-term netmin by alleviating carbon

limitation for ammonifiers.

An important goal of our study was to evaluate if

woody understory restoration could reverse the

high N availability typically found under A. koa.

Although studies from other tropical ecosystems

have shown that using N-fixing trees in restoration

can lead to successful outcomes for canopy devel-

opment and forest biomass (for example, Parrotta

1992; Chaer and others 2011; Hoogmoed and

others 2014), our previous work demonstrates that

the planting of A. koa monocultures in Hawai‘i can

stall secondary succession (Yelenik 2017; Yelenik

and others 2022a, 2022b; Rehm and others 2023).

We had previously hypothesized that this stalled

succession was due in part to increased soil N

(Yelenik 2017). A large body of literature docu-

ments efforts to slow down N cycling in enriched

ecosystems by adding forms of carbon such as leaf

litter, sawdust, sugar, or rice hulls that would en-

hance microbial competition for nitrogen and

thereby reduce available N to plants (for example,

Blumenthal and others 2003; Perry and others

2010; Steers and others 2011; Cole and others

2021; Yelenik and others 2022b) and then pre-

sumably change plant competitive relationships.

Our selected AK sites contained woody understory

Table 4. Important (P<0.10) Variables for N Metrics in Open (OP) Locations Using Simple Linear
Regression

N metric Model variables F, df, R2 P-value

T0 mineral N Grass biomass (−) F(1,5)=6.958, R
2=0.64 p<0.058

Resin paste N Grass biomass (−) F(1,5)=10.111, R
2=0.72 P<0.034

Short-term netmin (26 days) litterN (+)

MB (−)
LOI (−)

F(1,5)=18.794, R
2=0.83

F(1,5)=12.509, R
2=0.76

F(1,5)=5.939, R
2=0.60

P<0.012

P<0.024

P<0.070

Long-term netmin (155 days) litterN (+)

MB (+)

F(1,5)=16.179, R
2=0.80

F(1,5)=18.470, R
2=0.82s

P<0.016

P<0.013

Direction of correlation is in parentheses. Those variables tried include loss-on-ignition, MB measured by SIR, grass biomass, litter %N.
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that was at least 8 years old. The outplanted woody

species produce litter that has a higher CN than A.

koa and grasses (Banko and others 2022), so it

could potentially reduce available soil N, yet we did

not observe this.

There are many possible reasons why an influ-

ence of understory was not observed. First we did

not control for understory composition, and the

species planted into these sites vary in the timing of

their growth, N uptake, and litterfall as well as leaf

C:N (Table S1). Grogan and Jonasson [2003] doc-

ument strong differences between understory spe-

cies in the amount and timing of N uptake. Wardle

and Zackrisson [2005] also document strong dif-

ferences among understory shrub species in influ-

encing soil carbon and N dynamics. Had we focused

only on sampling beneath those planted species

producing the highest C:N litter, such as planted

‘ōhi‘a (M. polymorpha) or L. tameiameia (Table S1),

we might have detected understory effects. Sec-

ondly, the influences of the woody understory

individuals might be very localized, and given the

generally low density of understory plants in AK,

the signal would be diluted by pooling samples

across quadrats under a tree. If carbon in microbial

biomass is limited under AK by inaccessibility of C,

then litter of other species with initially higher C:N,

might facilitate a temporary localized increase in

MB. A sustained and larger increase in MB and soil

organic matter under AK, which is what we were

looking for in denser UWBA plots, would require

adding enough C relative to N to overcome

microbial C limitation consistently across a rea-

sonable area. Third, even if the planted understory

was contributing a higher C:N litter compared to A.

koa and grass, it may take decades for that input to

be detected in a large SOM pool. In previous work,

2.5 years of manual addition of large amounts of

high C:N litter under AK trees did not change soil

mineral N but did slightly raise soil C:N (Yelenik

and others 2022b). Thus, more time might be

needed to detect a consistent effect given the low

density of plantings in our study. Lastly, the canopy

of A. koa was relatively consistent in its coverage. It

provides a higher total dissolved nitrogen (TDN) to

dissolved organic carbon (DOC) ratio in throughfall

and green and brown litter leachate than the RO

canopy (K. Dowdy, UCSB, unpublished) which

would favor C limitation to microbes.

Insights into Canopy Influences on Soil

Our data support that organic matter entering the

soil under these two canopy types contributes to

differences in loss-on-ignition, microbial biomass

and N cycling, a result consistent with literature on

canopy tree effects (for example, Parrotta 1992;

Binkley and Giardina 1998; Finzi and others 1998;

Reich and others 2005; Hobbie and others 2006).

The high mineral N in the short-term pools (T0 and

resin-N) under AK is consistent with its N-fixing

status, leaf C:N ratios that are�half of those in M.

polymorpha, and fast N loss from phyllodes during

decomposition compared to M. polymorpha (Scow-

croft and others 2004; Yelenik and others 2022b).

Our data support an N cycling model whereby high

N in A. koa litter along with low DOC:TDN in

throughfall (K. Dowdy, UCSB, unpublished) favors

nitrifying microbes over ammonifiers. Regarding

throughfall, other studies have demonstrated that

nitrogen in throughfall can affect N cycling (De

Schrijver and others 2007; Carnol and Bazgir

2013). The high nitrification potential in AK soils is

consistent with a high influx of mineral N, pro-

viding a competitive advantage to nitrifying mi-

crobes in the relative absence of labile C to fuel

biomass of ammonifying microbes. Our results are

also consistent with a recent decomposition study

that showed that A. koa leaf litter loses N more

rapidly than M. polymorpha litter. It has much more

N to release per unit biomass in early stages of

decomposition, yet, has lower overall decomposi-

tion of C compared to M. polymorpha: rapid loss of

soluble C and N, is followed by the very slow loss of

lignin-rich C (Yelenik and others 2022b). The sig-

nificant explanatory power of loss-on-ignition for

short-term N availability under AK supports that

mineralizing microbes are C-limited and is consis-

tent with the lower microbial biomass under AK

trees (Table 2). Additionally, Acacia species with

phyllodes like A. koa have been demonstrated to

contain alkaloids, phenolics and other secondary

compounds (Constantinides and Fownes 1994; Das

and Joy 2009) that can limit microbial activity, soil

enzyme activity, decomposition, and nutrient cy-

cling (Kraus and others 2003; Talbot and Treseder

2012). Also, A. koa phyllodes tend to be lignin-rich

in comparison to ‘ōhi‘a leaves (August-Schmidt

2018). High N conditions have been linked to slow

decomposition of high-lignin litter (Carreiro and

others 2000; Perakis and others 2012).

A Temporal Perspective

Deforestation can rapidly reduce surface soil or-

ganic matter with slow but consistent recovery

after reforestation (for example, Veldkamp and

others 2020). In the 1800s, a large portion of what

is now Hakalau Forest was logged, so presumably,

the AK plantings and open sites began at a similar

C.M. D’Antonio and others



point of soil organic matter that had been depleted

through deforestation. The absence of woody in-

puts for over 100 years combined with intensive

ungulate grazing likely perpetuated soil carbon loss

(Scowcroft and others 2004; Hart and others 2020).

While loss-on-ignition in AK soils was significantly

lower than in RO soils, it is higher than in open

sites and increases with woody basal area (Fig-

ure 4B), suggesting that organic matter is building

with reforestation as one might expect given steady

decomposition of AK leaves (Scowcroft 1997; Ye-

lenik and others 2022b). Then, as trees grow and

UWBA approaches that seen under RO trees, or-

ganic matter should accumulate (Figure 4B). This

would be consistent with the findings of Li and

Matthews (2010), who saw significant organic

matter build up after establishment of secondary

forest (dominated by non-native trees, including

Terminalia myriocarpa, Psidium cattleianum, and

Spathodea campanulata) on former sugar cane lands

in Hawai‘i after 22 years.

The strong collinearity among explanatory vari-

ables for N metrics in open sites, suggests less

complex controls over carbon and nitrogen

dynamics there. This is likely because the input of

carbon in the open is largely from grasses rather

than grass plus woody inputs as in RO and AK sites.

The tendency toward higher MB in the open

compared to the AK sites, despite lower organic

matter, suggests something about the AK canopy is

suppressing microbial growth.

The soil organic matter beneath RO trees repre-

sents a more complex history because there were

likely organic matter inputs during the period of

livestock grazing due to RO leaf and root inputs as

well as retention of tree-associated hydrological

features that could influence soil development.

Pasture trees are well known to locally influence

soil microbial activity and soil C dynamics (for

example, Rhoades and others 1998; Galicia and

Garcı́a-Oliva 2008). Hence, the higher organic

matter under RO today is likely partially historic.

Yet the formation of halos of woody understory

around these trees is recent (post-ungulate exclu-

sion/past 30–40 years; Yelenik 2017) and the pos-

itive correlation of UWBA with loss-on-ignition

under the RO trees suggests organic matter builds

up as understory develops. Because understory

stem densities are much higher under RO, it is

possible that if planting is done at higher density,

organic matter will increase under AK trees.

Implications for Management

While our results do not show a reduction in

inorganic N availability with development of native

woody species under A. koa corridors, they do

demonstrate a negative effect of understory woody

plants on invasive grasses. Our high-density

experimental planting was particularly effective in

reducing grass biomass and creating dense patches

of understory vegetation (Figure S3, Table 3).

Other work demonstrates that grasses strongly

suppress native plant recruitment and reduce

establishment sites for incoming woody seeds

(Rehm and others 2019, 2023; Yelenik and others

2022a). Thus, management actions that reduce

grasses could promote recovery of native species.

Both of our experimental planting densities re-

duced grass biomass, and both were higher than is

typically planted at this site. Thus, planting at

higher densities is beneficial to the rapid develop-

ment of a native-dominated understory.

Our results further suggest that soil organic

matter and nutrient dynamics will vary between

tree species for some time regardless of understory

likely because of the high N in A.koa litter and

carbon limitation to microbes under A. koa. These

differences have implications for the short-term

accumulation of soil carbon, which was, on aver-

age, 10% lower under AK than RO trees. The high

mineral N perpetuated by the AK canopy promotes

kikuyu grass (Yelenik and others 2020) and other

non-native species including Ehrharta stipoides and

Rubus argutus, yet is a reasonable place for native

woody plants if outplanted seedlings are tall en-

ough to be above the grass canopy (Yelenik and

others 2022b). Thus, a reduction in mineral N and

increasing shade by outplanting understory could

reduce the growth of opportunistic invasive spe-

cies. Our results also provide evidence that changes

in soil N will be less effective than lowering light to

decrease invasive grasses and enhance natural

recovery of woody plants.
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Laughlin DC, Moore MM, Fulé PZ. 2011. A century of increasing

pine density and associated shifts in understory plant strate-

gies. Ecology 92:556–561.

Lee MR, Flory SL, Phillips RP. 2012. Positive feedbacks to growth

of an invasive grass through alteration of nitrogen cycling.

Oecologia 170:457–465.

Li Y, Mathews BW. 2010. Effect of conversion of sugarcane

plantation to forest and pasture on soil carbon in Hawaii. Plant

Soil 335:245–253.

Mack MC, D’Antonio CM. 2003. Exotic grasses alter controls

over soil nitrogen dynamics in a hawaiian woodland. Ecol

Appl 13:154–166.

Marchante E, Kjøller A, Struwe S, Freitas H. 2008. Short-and

long-term impacts of Acacia longifolia invasion on the below-

ground processes of a Mediterranean coastal dune ecosystem.

Appl Soil Ecol 40:210–217.

Maron JL, Connors PG. 1996. A native nitrogen-fixing shrub

facilitates weed invasion. Oecologia 105:302–312.

Matsushima M, Chang SX. 2007. Effects of understory removal,

N fertilization, and litter layer removal on soil N cycling in a

13-year-old white spruce plantation infested with Canada

bluejoint grass. Plant Soil 292:243–258.

McClain CD, Holl KD, Wood DM. 2011. Successional models as

guides for restoration of Riparian forest understory. Restor

Ecol 19:280–289.

McDaniel S, Ostertag R. 2010. Strategic light manipulation as a

restoration strategy to reduce alien grasses and encourage

native regeneration in Hawaiian mesic forests. Appl Veg Sci

13:280–290.

Mueller-Dombois D, Jacobi JD, Boehmer HJ, Price JP. 2013.
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