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Abstract: Plants that enter symbiotic relationships with nitrogen (N)-fixing microbes contribute
some of their N to the community through leaf litter decomposition and mineralization processes.
The speed of these processes varies greatly among tree species. Mesocosm methods were used to
determine the speed of N and carbon (C) release from Cycas micronesica, Intsia bijuga, and Serianthes
nelsonii leaf litter. Microcosm methods were used to determine soil respiration traits in soils containing
the leaf litter. The speed of leaf litter N and C release during decomposition occurred in the order
C. micronesica < I. bijuga < S. nelsonii. Soil carbon dioxide efflux was increased by adding leaf litter
to incubation soils, and the increase was greatest for S. nelsonii and least for C. micronesica litter.
Ammonium, nitrate, total N, organic C, and total C were increased by adding litter to incubation soils,
and the differences among the species converged with incubation duration. The rate of increases in
available N and decreases in organic C were greatest for S. nelsonii and least for C. micronesica litter.
These findings indicate that S. nelsonii litter released N and C rapidly, C. micronesica litter released N
and C slowly, and the leaf economic spectrum accurately predicted the differences.
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1. Introduction

Biological nitrogen (N) fixation is a crucial component of the nitrogen cycle [1,2]. The group of
plants known as N-fixers is not capable of N fixation directly [3], but they enter symbiotic relationships
with N-fixing microbes in a manner that gives them access to the newly fixed N [4,5]. The largest
group of plants with this consequential symbiosis is the Fabaceae where rhizobia bacteria reside in
root nodules. Cyanobacteria have also evolved N-fixing capacity [6], and the ancient group of plants
known as cycads develops ageotropic coralloid roots which are colonized by cyanobacteria [7,8].

Plants with N-fixing microbial symbionts contribute their N to other sympatric organisms through
herbivory, organ abscission, or plant death. As a result, the ecosystem services rendered by their
contributions of N are of interest in ecology research but also in holistic managed production systems
such as permaculture or agroforestry. The decomposition of litterfall has been the primary focus for
research on how trees transfer minerals and metals from the living tree to the bulk soil. Experimental
incubation of litter and/or soils enclosed in screen litterbags or impervious bags or tubes has generated a
robust literature on the subject [9,10]. Litter N does not act in isolation during decomposition processes
but is linked to carbon (C) [11]. Moreover, litter decomposition is a critical component of the global C
cycle [12]. Therefore, C and N dynamics are often studied in synchrony during the mineralization of
elements from organic matter.

The Micronesian island of Guam is home to several native tree species that provide these
ecosystem services. Intsia bijuga (Colebr.) Kuntze has a widespread indigenous range and is vulnerable
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to extinction due to over-exploitation for timber and loss of habitat [13]. The handsome legume tree
is a member of the Caesalpinioideae subfamily and is designated as the official territorial tree of
Guam where it is known as ifit [14]. Excessive harvesting of I. bijuga trees on Guam was reported
more than a century ago [15]. Cycas micronesica K.D. Hill is an arborescent cycad species with an
endemic range that includes Palau, Yap, and the southern Mariana Islands [16]. The local name is
fadang. Invasive insect herbivore species have devastated the populations on Guam [17,18], and the
mortality has led to the designation of endangered status [16]. Serianthes nelsonii Merr. has a restricted
endemic range that includes the adjacent islands of Guam and Rota [19]. The critically endangered
legume tree is a member of the Mimosoideae subfamily and exhibited a limited population size when
it was described [20]. The list of threats to this large tree, known as Håyun lågu, is lengthy [19,21].
Seed production and seedling regeneration are considerable but recruitment is unsuccessful, and the
single greatest conservation need is adaptive management research to determine the reasons for
recruitment failures [22,23].

The conservation agenda for threatened plant species is often limited by lack of knowledge,
and one approach for advancing conservation success is to expand species-specific research [24].
Studies that reveal the ecosystem contributions of the threatened tree species may aid conservationists
by providing information about the benefits of saving the species. Indeed, conservation efforts are more
likely to succeed if the science that underpins biodiversity conservation adds a focus on ecosystem
services that are also threatened along with the threats to biodiversity [25,26]. The decomposition traits
or nutrient release characteristics of litter from Guam’s C. micronesica, I. bijuga, and S. nelsonii trees have
not been reported. The objectives were to use microcosm and mesocosm methods to incubate litter
and soil samples to compare the speed of N and C release from leaf litter samples from these three
Guam species. Based on personal in situ observations, the lifespan of an S. nelsonii leaf is less than
one year, of an I. bijuga leaf is two to three years, and of a C. micronesica leaf is more than seven years
(unpublished data). Employing the tenets of the leaf economic spectrum [27,28], I hypothesized that N
and C release would be rapid for S. nelsonii leaf litter, slow for C. micronesica leaf litter, and intermediate
for I. bijuga leaf litter.

2. Materials and Methods

Leaf litter was collected in northern Guam from trees that were growing in coastal karst substrates
that were formed in slope alluvium, loess, and residuum overlying limestone (Clayey-skeletal,
gibbsitic, nonacid, isohyperthermic Lithic Ustorthents) [29]. Litter was collected from October 2014 to
September 2015 with frequent visits to in situ localities. The litter samples from October–November,
December–January, February–March, April–May, June–July, and August–September were stored
separately in paper bags to provide six replications to determine initial litter chemistry traits.

Cycas micronesica, I. bijuga, and S. nelsonii produce pinnately compound leaves, but the size of
the leaflets and abscission traits following leaf senescence differ among the species. Therefore, litter
collection methods were distinct for each species to ensure collection of recently senesced leaflets.
Serianthes nelsonii produces bipinnately compound leaves with small leaflets of about 0.2 cm2 each.
Entire leaves typically abscise with senescing leaflets attached, and freshly fallen leaves that contained
yellow turgid leaflets were retrieved from the forest floor during weekly visits. There was no take
from the living tree, but access to the site was enabled by the United States Endangered Species
Act Recovery Permit TE-84876A-0. Pinnately compound I. bijuga leaves are generally comprised of
two leaflet pairs, and the large leaflets that are up to 15 cm in length typically abscise individually.
Leaflets were collected from the forest floor beneath I. bijuga trees by selecting freshly fallen yellow
leaflets. Pinnately compound C. micronesica leaves are up to 180–200 cm in length and contain up to
150 lanceolate leaflets that are 24–28 cm in length. The leaves are usually retained on the plant after full
senescence. Leaflets from C. micronesica were collected from attached leaves containing some leaflets
that were turgid and yellow and some leaflets that were desiccated and brown. This approach ensured
the collection of recently senesced leaflet litter. At this time Guam’s C. micronesica population had been
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attacked by the non-native armored scale Aulacaspis yasumatsui Takagi for many years [30]. The litter
was collected from a protected plot that had received imidacloprid applications since 2007 to ensure
the source leaves were not infested with non-native insect herbivores and exhibited natural longevity.

The C. micronesica and I. bijuga leaflets were cut into 2-cm sections, then all samples were stored in
air-conditioned laboratory conditions at the University of Guam in order to air-dry. The start of the
experiments occurred after litter dry weight became stable. A 3-g sample was removed from each
of the six replications of litter per species. This sample was used to determine initial litter chemistry.
The rest of the litter samples were combined into one homogenized sample for each of the species and
used for three separate studies at the University of Guam as described below.

The initial litter samples were dried at 75 ◦C for 24 h then milled to pass through a 20-mesh screen.
Carbon and nitrogen were determined by dry combustion (FLASH EA1112 CHN analyzer; Thermo
Fisher, Waltham, MA, USA) [31]. Lignin was quantified with the acetyl-bromide method [32]. Cellulose
was determined according to AOAC International [33]. Stoichiometric traits were calculated as C/N,
lignin/N, and cellulose/N, all based on concentrations. Differences among the three species were
determined by analysis of variance (PROC GLM, SAS Institute, Cary, NC, USA). Means separations for
significant factors were conducted by Tukey’s honest significant difference test.

2.1. Litter Decomposition

The litterbag method was employed to determine C and N release during decomposition. Each
litterbag was constructed with ≈3 g of enclosed litter from one of the three species, and there were 16
litterbags per species. The litterbags were constructed from a nylon screen with 1.5-mm mesh and
were square with 15-cm sides.

Field soil was excavated from the surface 5 cm within the habitats where the experimental litter
had been collected on January 9, 2016. Fresh litter was removed from the soil surface, but humus
was included and homogenized with the soil. The collection sites did not include trees from any of
the three species to ensure the home field advantage factors [34,35] would not complicate the species
comparisons. The most common trees in the collection sites were Aglaia mariannensis Merr., Cordia
subcordata Lam., Pandanus tectorius Parkinson, Ochrosia oppositifolia (Lam.) K. Schum., and Premna
serratifolia L. A representative sample from this homogenized incubation soil was dried at 105 ◦C. Total
carbon and nitrogen contents were determined by dry combustion (FLASH EA1112 CHN analyzer).
Available P was determined by the Olsen method [36]. Extractable potassium, calcium, and magnesium
were quantified following digestion with diethylenetriaminepentaacetic acid [37]. Elements were
quantified by inductively coupled plasma optical emission spectrometry (Spectro Genesis; SPECTRO
Analytical Instruments, Kleve, Germany).

A mesocosm was constructed at the University of Guam in an open-air room with a roof that
excluded rainfall and direct sun exposure. The mesocosm was 0.5 m × 2.5 m and the homogenized
incubation soil was added to 20-cm depth. The litterbags were placed on top of the soil within
four blocks on January 10, 2016, with four litterbags per species per block. The 12 litterbags for
each block were positioned randomly within each block. Poultry mesh was placed on top of the
mesocosm, and a polyethylene sheet was placed on the mesh to ensure it was not in contact with
the litterbags. The polyethylene sheet was removed once per week and the litterbags and soil were
irrigated to apply about 2 cm of rainfall equivalent. The temperature of the soil at a depth of 5 cm
was periodically observed with a thermometer and compared with the ambient temperature in the
open-air room. The maximum and minimum temperature of the soil was not different from that of the
ambient conditions, but diel hysteresis caused less rapid diurnal increases and nocturnal decreases in
temperature in the soil.

One block was selected randomly after three months, and the 12 litterbags (3 species × 4
replications) within the block were harvested. The litter was extracted from the litterbags, adhering soil
was rinsed, then litter was air-dried and stored in paper bags until chemical analyses. This procedure
was repeated at six months and nine months. The remaining block was harvested at 12 months.
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The C and N pools were calculated for every litter sample to determine loss with time. For the
initial C and N pool, samples from each species were weighed as air-dry weight, then were dried
at 75 ◦C for 24 h to obtain oven-dry weight. The estimated oven-dry weight of the initial ≈ 3-g
samples was calculated from the oven-dry weight/air-dry weight quotients. Then initial C and N
pools were calculated from the initial concentrations and multiplied by the estimated oven-dry weight.
For samples of 3, 6, 9, and 12 months, the oven-dry weight was measured prior to analysis for C and N
concentration using the methods described earlier. The total pool within the litter for each species and
incubation time was calculated by multiplying the concentrations by the oven-dry weights.

There were three response variables: total C, total N, and the quotient C/N based on the total pool
of each element (not concentration). The influence of 3 species × 5 incubation periods was assessed
using repeated-measures analysis with four replications. The time of incubation was designated as the
repeated measure, and the analysis used an autoregressive covariance structure (PROC MIXED, SAS).
Means separation for significant factors was conducted by Tukey’s honest significant difference test.

2.2. Soil Respiration

A microcosm approach was employed to determine the influence of litter additions to soil on soil
respiration. The microcosms were constructed from the base of 2-L plastic soda bottles. The bottles
were cut at 6-cm height to create cylindrical microcosms that were 9.5 cm in diameter. Insulation foam
with a width of 0.5 cm was affixed to the perimeter of the top of each microcosm to create a total
diameter of 10.5 cm. Twelve 3-mm holes were drilled in the base of each microcosm to ensure adequate
drainage and aeration.

The fresh soil that was described in Section 2.1 was used for the incubations. In order to calculate
the water weight of the fresh soil, six of the microcosms were initially filled to 5-cm height on January
10, 2016, then the soil was weighed to determine the fresh weight of 334 ± 11 g. The samples were
dried for 24 h at 105 ◦C then re-weighed to obtain a dry weight of 252 ± 9 g. These data were used to
estimate the dry weight of each soil fresh weight sample. The undisturbed bulk density of this soil
series is 0.6–0.9 g·cm−3 [29].

A sample of 15 g was obtained from the litter for each of the three tree species on 11 January 2016,
was milled to pass through a 20-mesh screen, then four 2.5-g samples were extracted and added
to one of four soil samples of 334-g fresh weight. This created four soil incubation replications per
species with milled litter added at an estimated 1% dry weight basis. In addition to the 12 replications
with litter additions, there were four replications with no litter added that served as the control.
The 16 microcosms were placed in an ambient laboratory room and irrigated on the first day until the
first signs of drainage, then were irrigated again every other day.

The first respiration measurements were conducted on 13 January 2016, then were repeated every
2 d for the first 8 d, and every 5 to 7 d thereafter until the study was terminated on day 59. A CIRAS
EGM-4 analyzer fitted with an SRC-1 close system chamber (PP Systems, Amesbury, MA, USA) was
used to determine carbon dioxide efflux from the soil surface within each microcosm. The inside
diameter of the chamber was 10 cm, enabling the insulation foam to create a seal when the top of
a microcosm was forced into the chamber. The integrity of the seal was confirmed periodically by
breathing onto the chamber-microcosm interface to reveal no change in the carbon dioxide concentration
patterns. The EGM-4 recorded air temperature and carbon dioxide concentration change over a 2-min
period. The measurements were made from 09:00 until 11:00 h on each day of measurement, and the
ambient carbon dioxide was 405–415 µmol·mol−1. The carbon dioxide efflux was calculated from the
carbon dioxide change with time based on the 71 cm2 of soil surface within the microcosms.

The data for each of the four soil treatments were plotted in a scatter plot with carbon dioxide
flux on the vertical axis and date of measurement on the horizontal axis to reveal a non-linear decline
with time. The curves for each of the four soil treatments were fitted with the highly significant model
y = a/(x + b) + c. Thereafter, the data for each of the four replications per treatment were fitted to
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determine the regression model for each replication. Each of the three coefficients from the model was
subjected to analysis of variance to determine differences among the four soil treatments.

2.3. Mineralization

The speed of C and N mineralization was determined using the buried bag method [38]. Fresh
soil was collected from the field sites using the methods previously described during the first week
of January 2017. The soil was thoroughly homogenized, then a sample was extracted to determine
macronutrient concentrations as described in Section 2.1. About 20 L of the remaining soil was placed
in a container with a bottom constructed with 1.5-mm screen fabric then irrigated until the first signs
of drainage from the bottom of the container. The container was covered with plastic to stop surface
evaporation then allowed to drain for two days. The percentage of water that remained in the soil was
calculated as 39% from a comparison of fresh weight minus dry weight after one day in a forced-draft
oven set at 105 ◦C. This was considered water holding capacity of the homogenized soil.

The soil was separated into 16 1-L samples for incubations. A 120-g sample was removed from
the stored litter from each of the tree species. The litter for each species was milled to pass through a
20-mesh screen then was separated into four 30-g samples. Each of the 30-g samples was added to one
of four 1-L samples of soil and homogenized to create four replications per tree species. This approach
utilized 12 of the soil samples, and the remaining four samples served as a control with no added litter.
Thus, there were four replications with four soil treatments.

Water was added to each 1-L replication to estimate 50% of water holding capacity to ensure
adequate aeration. An initial soil sample of 100 mL was removed to quantify pre-incubation C and N
relations, enclosed in a plastic bag, and frozen at −20 ◦C. The remaining soil for each replication was
enclosed in a zip-lock plastic bag for incubations. The 16 bags were buried in the mesocosm described
above in a randomized complete block design on January 8, 2017.

Each bag was opened and the soil was thoroughly mixed every 15 days to ensure the soil organic
matter was redistributed and carbon dioxide did not accumulate in the bags. Fresh weights were used
to determine if there was any water loss, and water was added to reach 50% of water holding capacity
whenever needed. Additionally, 100-g samples were removed at 15, 30, 60, and 90 days and frozen at
−20 ◦C. Therefore, there were five sampling periods including the initial sampling period.

The soils were thawed to ambient temperature, then N and C components of the soil
samples were determined as previously described [39]. Total N and total C were determined
by dry combustion, and organic C was determined by dichromate consumption with the modified
Walkley-Black protocol [40]. Nitrate and ammonium were determined colorimetrically following 2M
KCl extraction [41]. Net nitrification was calculated by subtracting concentration in one sampling
period from nitrate concentration in the subsequent sampling period then dividing by the incubation
duration. Net ammonification was calculated for each sampling time using the same methods as for
nitrate. Available N was calculated as the sum of nitrate and ammonium concentrations.

The influence of four soil treatments over 120 d of incubation on the C and N variables were assessed
using repeated-measures analysis of variance with four replications treated as blocks. The incubation
time was designated as the repeated measure, and the analysis used a compound symmetry covariance
structure (PROC MIXED, SAS). Means separation for significant factors was conducted by Tukey’s
honest significant difference.

3. Results

The two bulk soil samples were collected one year apart but were similar in chemistry (Table 1).
The chemistry of fresh leaf litter differed among the species for every measured trait except C
concentration (Table 2). Nitrogen concentration was lowest for I. bijuga litter and was similar for C.
micronesica and S. nelsonii litter. Lignin concentration decreased in the order C. micronesica > I. bijuga >

S. nelsonii. Cellulose concentration was greatest for C. micronesica and was similar for the other two
species. Collectively, these traits predicted litter quality and speed of decomposition would occur in



Nitrogen 2020, 1 116

the order C. micronesica < I. bijuga < S. nelsonii. The stoichiometric traits did not follow the same trends,
in that I. bijuga litter exhibited the greatest values and S. nelsonii exhibited the least values. Collectively,
the stoichiometry predicted litter quality and speed of decomposition would occur in the order I. bijuga
< C. micronesica < S. nelsonii.

Table 1. Concentration of macronutrients in soils used for decomposition, mineralization, and
respiration studies.

Experiment Nitrogen
(mg·g−1)

Carbon
(mg·g−1)

Phosphorus
(µg·g−1)

Potassium
(µg·g−1)

Calcium
(mg·g−1)

Magnesium
(µg·g−1)

Decomposition and
mineralization 12.3 177.3 60.3 571.2 12.1 1021.1

Soil respiration 12.6 174.2 61.5 579.8 11.8 1053.3

Table 2. Chemical traits of leaf litter of three tree species from Guam. Mean ± SE, n = 6.

Trait Cycas micronesica Intsia bijuga Serianthes nelsonii F p

Nitrogen (mg·g−1) 19.5 ± 0.7 a 1 11.4 ± 0.8 b 20.6 ± 0.7 a 45.52 <0.001
Carbon (mg·g−1) 509.0 ± 9.9 495.2 ± 25.9 472.2 ± 22.4 0.82 0.461
Lignin (mg·g−1) 284.5 ± 7.3 a 207.7 ± 14.5 b 148.3 ± 7.0 c 44.82 <0.001

Cellulose (mg·g−1) 226.5 ± 8.1 a 148.0 ± 10.4 b 137.7 ± 6.7 b 32.25 <0.001
Carbon/Nitrogen 26.3 ± 1.2 b 44.5 ± 4.5 a 23.0 ± 0.8 c 18.04 <0.001
Lignin/Nitrogen 14.7 ± 0.4 b 18.6 ± 1.8 a 7.2 ± 0.2 c 28.69 <0.001

Cellulose/Nitrogen 11.7 ± 0.7 a 13.2 ± 1.1 a 6.7 ± 0.4 b 17.72 <0.001
1 Means followed by the same letter within each row are not different according to Tukey’s honest significant difference.

3.1. Litter Decomposition

The total pool of C within the litter samples was influenced by the main factor of time (p < 0.001),
the main factor of species (p < 0.001), and the interaction of time × species (p < 0.001). The initial total C
pool in the 3-g litter samples was similar among the three species in the fresh litter samples (Figure 1a).
From 3 to 12 months of decomposition, the amount of remaining C in the litter increased in the order
S. nelsonii < I. bijuga < C. micronesica. The total pool of N within the litter samples was influenced by the
main factor of time (p < 0.001), the main factor of species (p < 0.001), and the interaction of time× species
(p < 0.001). The initial total N pool in the 3-g litter samples was similar for C. micronesica and S. nelsonii
but was greatly reduced for I. bijuga (Figure 1b). The 3-month loss of N from S. nelsonii litter greatly
exceeded that of C. micronesica and I. bijuga litter. From 3 to 12 months of decomposition, the amount
of remaining N in the litter increased in the order S. nelsonii < I. bijuga < C. micronesica. The quotient
C/N within the litter samples was influenced by the main factor of time (p < 0.001), the main factor of
species (p < 0.001), and the interaction of time × species (p = 0.017). The quotient C/N was greatest in
I. bijuga litter for every sampling period throughout the study (Figure 1c). Alternatively, the C/N of
C. micronesica litter was not different from that of S. nelsonii litter for any of the sampling periods.

The greatest amount of C and N release occurred in the first 3-month incubation period for I.
bijuga and S. nelsonii. The release of these elements from C. micronesica litter was more gradual over
time of incubation. The release of C and N from these litter samples was almost 100% for S. nelsonii
litter during the study. These decomposition data indicated the absolute chemical concentrations of
lignin and cellulose in the initial litter were more important for predicting actual elemental release
than were initial stoichiometry traits (Table 2).

The daily maximum temperature for the incubation period was 30 ◦C, and the daily minimum
temperature was 24.8 ◦C.
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Figure 1. The influence of decomposition time on leaf litter traits for three Guam tree species. (a) Total 
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Figure 1. The influence of decomposition time on leaf litter traits for three Guam tree species. (a) Total
pool of carbon in litter that was 3 g initially; (b) Total pool of nitrogen in litter that was 3 g initially;
(c) The carbon/nitrogen quotient within litter that was 3 g initially. Markers are mean of 4 replications,
and markers with the same letters are not different according to Tukey’s honest significant difference.

3.2. Soil Respiration

The carbon dioxide efflux of soils incubated in microcosms was greatest 2 days after leaf litter
additions, which was the first day of gas exchange measurements (Figure 2). A non-linear decrease
occurred with time of incubation, and the trends were described by the model y = a/(x + b) + c for all
four treatments. Coefficients a, b, and c all differed among the treatments (p < 0.001). The non-linear
changes in carbon dioxide efflux caused the differences among the treatments to converge with time
such that efflux was similar for all treatments by day 49. In conformity with the litter decomposition,
the initial concentrations of lignin and cellulose accurately predicted maximum carbon dioxide efflux
from the microcosms and more accurately than did initial stoichiometry traits (Table 2).
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Figure 2. The influence of incubation time on carbon dioxide (CO2) efflux from soil following
addition of 1% leaf litter from three Guam tree species. Markers are mean of 4 replications. Control:
y = 584.172/(x + 3.44) + 13.194; Cycas micronesica: y = 54,333.726/(x + 59.809) − 458.228; Intsia bijuga:
y = 17,333.339/(x + 19.363) − 217.959; Serianthes nelsonii: y = 35,929.52/(x + 32.299) − 382.979.

The mean temperature for the incubation period was at 28.9 ◦C, with a mean minimum of 27.6 ◦C
and a mean maximum of 30.2 ◦C. The mean chamber temperature during gas exchange measurements
was 28.5 ◦C.

3.3. Mineralization

Ammonium concentration during buried bag incubation was influenced by the main factor of time
(p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species (p < 0.001).
The patterns of ammonium concentration during the 120-day incubation period were highly erratic
among the four treatments (Figure 3a). Ammonium concentration of the S. nelsonii litter treatment was
greatest on day 15 then declined over time. Ammonium concentration for the I. bijuga litter remained
elevated from day 15–90 then declined by day 120. Ammonium concentration of the C. micronesica
litter increased gradually until day 90 then declined by day 120. Ammonium concentration was similar
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for the four treatments on day 120. These highly inconsistent trends in ammonium concentration were
mediated by the generation of ammonium from organic matter concomitant with the conversion of
ammonium to nitrate.
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litter of three Guam tree species to incubation soil. (a) Ammonium; (b) Nitrate. Markers are mean
of 4 replications, and markers with the same letters are not different according to Tukey’s honest
significant difference.

Nitrate concentration during buried bag incubation was influenced by the main factor of time
(p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species (p < 0.001).
The litter additions to soils increased nitrate concentrations above the control soils beginning on day 30
(Figure 3b). The increase for S. nelsonii litter exceeded that of the other treatments from 30–90 days.
The increase for C. micronesica and I. bijuga litter exceeded that of the other treatments from 90–120 days.
Nitrate concentration for the three litter treatments was about 1.7-fold greater than the control soil
treatment on day 120. In general, as ammonium concentration declined, nitrate concentration increased
and the N cycling dynamics shifted from ammonium-centered status at the beginning of incubation to
nitrate-centered by the end of incubation.

Available N concentration during buried bag incubation was influenced by the main factor of time
(p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species (p < 0.001).
The I. bijuga and S. nelsonii litter additions to soils increased available N concentrations in a consistent
pattern from the first day until day 120 (Figure 4a). The available N concentration for the C. micronesica
litter treatment was similar to the control treatment from day 0 to 60. Thereafter, the available N
concentration for the C. micronesica litter treatment rapidly increased such that the content was similar
to the litter of the other two species by day 120. Available N concentration for the three litter treatments
was about 1.7-fold greater than the control soil treatment on day 120. The similarities between nitrate
N and available N revealed that nitrate controlled available N to a greater degree than ammonium.

Total N concentration during buried bag incubation was influenced by the main factor of time
(p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species (p < 0.001).
There was a considerable overlap of concentrations among the species and incubation durations.
The initial concentrations of total N increased in the order control < I. bijuga ≤ C. micronesica ≤ S. nelsonii
(Figure 4b). The total N concentration for each of the four treatments did not significantly change
during the 120 d incubation period. The total N concentration of the control soil treatment was 85% of
that for the three litter treatments on day 120.

The changes in N forms enabled a calculation of mineralization components within each of
the incubation periods between sampling dates or throughout the 120 day incubation period.
Net ammonification (calculated from Figure 3a data) was negative for all four treatments over the 120 day
study and was the most negative for the control soil treatment (−0.08µg·g−1

·day−1). Net ammonification
ranged from −0.05 to −0.07 µg·g−1

·day−1 for the three litter treatments. Net nitrification (calculated
from Figure 3b data) of the three litter treatments ranged from 1.59 to 1.76 µg·g−1

·day−1 and exceeded
that of the control treatment (0.85 µg·g−1

·day−1). The net mineralization (calculated from Figure 4a)



Nitrogen 2020, 1 119

was similar to net nitrification. Net mineralization of the three litter treatments over the 120-day study
ranged from 1.54 to 1.69 µg·g−1

·day−1 and exceeded that of the control treatment (0.77 µg·g−1
·day−1).

The timing of maximum net mineralization differed among the tree species. For example, S. nelsonii
litter additions to the soils generated the greatest net mineralization of 2.83 µg·g−1

·day−1 during the
initial 30-day incubation period. During this same period, the net mineralization of C. micronesica litter
soils was minimal. Alternatively, C. micronesica litter additions to the soils generated the greatest net
mineralization of 3.13 µg·g−1

·day−1 during the final 30-day incubation period.
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Figure 4. The influence of incubation time on nitrogen (N) traits as influenced by the addition of leaf
litter of three Guam tree species to incubation soil. (a) Available N; (b) Total N. Markers are mean
of 4 replications, and markers with the same letters are not different according to Tukey’s honest
significant difference.

Soil organic C concentration during buried bag incubation was influenced by the main factor of
time (p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species
(p < 0.001). The initial concentrations of organic C were similar for the three litter addition treatments,
which were 1.6-fold greater than organic C of the control soil treatment (Figure 5a). Organic C of the
control soil treatment was stable throughout the incubation period, but organic C of the litter addition
treatments declined with time of incubation. Organic C of the S. nelsonii litter treatment declined
rapidly and was not different from the control soil treatment by 60 d of incubation. Organic C of the
I. bijuga litter treatment declined more slowly and was not different from the control soil treatment by
90 d of incubation. Organic C of the C. micronesica litter treatment declined with time of incubation but
remained greater than the other three treatments from day 60 to120. Organic C concentration of the
control soil treatment was 83% of that for the C. micronesica litter treatment on day 120.
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Total C concentration during buried bag incubation was influenced by the main factor of time
(p < 0.001), the main factor of soil treatment (p < 0.001), and the interaction of time × species (p < 0.001).
The initial concentrations of total C were greatest for the C. micronesica litter treatment, intermediate for
the I. bijuga and S. nelsonii litter treatments, and least for the control soil treatment (Figure 5b). The total
C concentration for each of the three litter treatments declined with time of incubation and total C
concentration was similar for the four treatments by 90 day.

The N and C transformations from the soil treatments differed among the species in patterns that
were predicted by the initial lignin and cellulose concentrations of the leaf litter. The mean temperature
for the incubation period was 26.8 ◦C, with nocturnal minima of 23.8 ◦C and diurnal maxima of 30.5 ◦C.

4. Discussion

The speed of N and C release from leaf litter contrasted sharply among three native tree species
which associate with N-fixing microbial symbionts on the island of Guam. Quantification of litter
release of N and C in litterbags, soil respiration following additions of litter to incubation soils
in microcosms, and transformations in N and C forms with incubation time using the buried bag
methods provided three contrasting approaches to confirm predications using the leaf economics
spectrum [27,28] based on differences in observed leaf longevity. All three approaches indicated that
components of S. nelsonii litter were the most labile, components of C. micronesica litter were the most
recalcitrant, and components of I. bijuga litter were intermediate in the speed of turnover.

Observed leaf longevity was not the only trait that accurately predicted the rates of N and C
release from the litter of these three species. First, meta-analyses and multiple biome litter transplant
studies indicate that litter identity explains more variation in leaf litter decomposition than climatic
variables or local soil characteristics [42–44]. This study aligned with this literature in that initial litter
chemistry was also useful for predicting the outcomes. The differences in initial lignin and cellulose
concentrations among the three species collectively predicted the observed disparity in the speed of N
and C release from the litter samples. Second, the forests in the western Pacific islands are subjected to
tropical cyclone damage more often than the forests in most locations [45,46]. The physiognomy of
Guam’s forests at any point in time is controlled by the antecedent damaging tropical cyclone, and the
island’s vegetation has been called “typhoon forests” [47]. During Guam’s tropical cyclones, S. nelsonii
trees are easily defoliated, I. bijuga leaves exhibit intermediate damage, and C. micronesica leaves are
relatively undamaged (personal observations), patterns that mirror the differences in leaf longevity.

The conservation of threatened organisms is a complicated agenda that is rife with myriad
ecological nuances and human behaviors that limit successes. The determination and dissemination of
information about ecosystem services provided by threatened organisms may improve conservation
successes [25,26]. Trees that associate with N-fixing symbionts contribute N in a manner that influences
habitat biogeochemistry through various factors such as tree density and spatial distribution [48].
Indeed, the influences of S. nelsonii on soil chemistry verified the accumulation of greater C and N
concentrations in soils beneath the canopy than soils away [49]. Similar patterns were determined
for C. micronesica trees [50,51]. The influence of I. bijuga on soil chemistry has not been reported
to date. Clearly, studying the influence of threatened tree species on spatiotemporal dynamics
of biogeochemistry may provide conservationists and resource managers with a reference for the
development of adaptive management strategies in conservation plans or how to structure restoration
sites. For Guam, the results from this study may be used by conservation managers to more fully
understand how these three tree species influence biogeochemical processes through ecosystem services.

Carbon plays a commanding role in plant metabolism [52]. Plants remove carbon dioxide from
the air through photosynthesis and convert it to organic products that lead to C sequestration in the
biosphere, then plants release this C through direct respiration and indirect respiration during litter
decomposition. Soil respiration measurements are critical for increasing our knowledge of terrestrial
C cycling [53]. The results from this study indicate the C found in C. micronesica leaves will remain
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sequestered for greater durations during the leaf after-life stages, and C found in S. nelsonii leaves will
be sequestered for shorter durations during after-life.

This initial look at the after-life trends of N and C turnover for three important Guam tree species
illuminates several issues that require further study. First, microcosm and mesocosm studies are of
critical importance for understanding various aspects of biology, especially when objectives are to
compare various treatments that need to be observed in homogeneous settings. However, in situ
studies are required to increase the relevance of findings from controlled studies. Decomposition trials
under in situ temperature, light, and rainfall patterns remain to be conducted. Second, the evolution
of S. nelsonii, C. micronesica, and I. bijuga was likely sympatric on Guam and Rota. The three species
occur in the same locality on Guam today, S. nelsonii and I. bijuga occur in the same localities on
Rota, and C. micronesica and I. bijuga occur in the same localities on Rota (personal observations).
Single species litter that is decomposed in isolation often does not correlate with decomposition of
multi-species litter mixtures [54–56]. Litter species mixture phenomena remain to be studied for these
three Guam trees and the other sympatric tree species that share the forests. Third, the soil legacy
effects of I. bijuga trees have not been determined, and this should be corrected with further study.
Fourth, a home-field advantage often occurs during litter decomposition whereby litter from a tree
species will decompose more rapidly in soils that are imprinted by the same tree species than in distant
soils [34,35]. A full understanding of the N and C turnover during leaf after-life of these three tree
species will require home versus away decomposition and mineralization methods. Fifth, tropical
cyclones exert profound influences on biogeochemical cycling by defoliation of high-quality leaf
material [57–60] or generating partial leaf mortality prior to the natural nutrient resorption processes
that reduce leaf litter quality [61]. Global change phenomena predict minimal change in tropical
cyclone frequency but increased intensity of future tropical cyclones [46]. Therefore, the disequilibrium
in biogeochemical cycling that is caused by tropical cyclones may become more influential with global
change [62]. The differences among the senesced litter from the three tree species in the present
study may not align with that of green leaf litter, and these phenomena remain to be studied. Sixth,
I. bijuga [14], C. micronesica [30], and S. nelsonii [19] are chronically damaged by native and non-native
insect herbivores. Herbivory of leaves often increases litter quality [63,64], one of the factors that alter
ecological processes. Further study of the direct and indirect effects of herbivory on ecosystem services
provided by these three important tree species is needed.
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