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Summary

1. Tropical forests represent a major terrestrial store of carbon (C), a large proportion of
which is contained in the soil and decaying organic matter. Woody debris plays a key role in
forest C dynamics because it contains a sizeable proportion of total forest C. Understanding
the factors controlling the decomposition of organic matter in general, and woody debris in
particular, is hence critical to assessing changes in tropical C storage.

2. We conducted a factorial fertilization experiment in a tropical forest in South China to
investigate the influence of nitrogen (N) and phosphorus (P) availability on woody debris
decomposition using branch segments (5 cm diameter) of four species (Acacia auriculaeformis,
Aphanamixis polystachya, Schefflera octophylla, and Carallia brachiata) in plots fertilized with
+N, +P, or + NP, and controls.

3. Fertilization with +P and + NP increased decomposition rates by 5-53%, and the magni-
tude was species specific. Contrary to expectations, we observed no negative effect of +N
addition on decay rates or mass loss of woody debris in any of the four study species. Decom-
position rates of woody debris were higher in species with lower C : P ratios regardless of
treatment.

4. We observed significant accumulation of P in the woody debris of all species in plots fertil-
ized with +P and + NP during the early stages of decomposition. N release from woody deb-
ris of Acacia (N-fixing) was greater in the +P plots towards the end of the study, whereas
fertilization with + N had no impact on the patterns of nutrient release during decomposition.

5. Synthesis: Our results indicate that decomposition of woody debris is primarily constrained
by P availability in this tropical forest. However, contrary to expectations, + N addition did
not exacerbate P limitation. It is conceivable that decay rates of woody debris in tropical for-
ests can be predicted by C : P or lignin : P ratios, but additional work with more tree species
is needed to determine whether the patterns we observed are more generally applicable.

Key-words: coarse woody debris, CWD, decay, deposition, fertilization, fine woody debris,
nutrient addition, tropical soil

Introduction

Tropical forests play an important role in the global car-
bon (C) cycle and are valued globally for the services they
provide to human beings. Although tropical forests occupy
only c¢. 12% of Earth’s land surface, they account for
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nearly 40% of terrestrial net primary production (NPP)
and 25% of the world’s biomass C (Pan et al. 2011; Town-
send et al. 2011). Tropical forests are also considered to be
a major sink for atmospheric carbon dioxide (CO,); recent
research estimates that enhanced growth in tropical forests
have resulted in an uptake of around 1-6 Gt C year '
from 1997 to 2007 (Pan et al. 2011), which is equivalent to

c. 18% of the total global anthropogenic C emissions. The
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amount of C stored in terrestrial ecosystems is determined
by the balance between CO, uptake during photosynthesis
and C losses via respiration and the decomposition of
organic matter. Hence, effective forecasts of the tropical
forest C balance require not only estimates of tree growth
but also accurate identification of the factors controlling
organic matter decomposition.

A substantial proportion of total forest C is contained
in woody debris, defined as any dead, woody plant mate-
rial, including logs, branches and standing dead trees (Har-
mon et al. 1986). Estimates of woody debris mass vary
widely according to the forest type, from 15-9 Mg ha~' in
a central Illinois floodplain forest (Polit & Brown 1996) to
more than 200 Mg ha~' in an old-growth redwood forest
(Bingham & Sawyer 1988). Globally, the current C stock
in woody debris is estimated as 73 + 6 Pg. Natural distur-
bances, especially typhoons and hurricanes, often play a
central role in the inputs of woody debris (Chokkalingam
& White 2001; Muller 2003). In South China and nearby
regions, tropical forests are subjected to large-scale distur-
bances from typhoons and the additional litter generated
during these storms can amount to 17-80% of the total
annual litter production, depending on the frequency and
intensity of the typhoon (Lin et al. 2011). Despite the large
amounts of C stored in woody debris, few studies have
investigated the decomposition of woody debris (Harmon
et al. 1986), especially in tropical forests.

Empirical and conceptual studies suggest that woody
debris decomposition is regulated by the quality of sub-
strate (e.g. nutrient and lignin concentrations, wood den-
sity and secondary compounds that trees use to protect
their wood when they are still living), the physical environ-
ment (e.g. temperature, moisture), the nutrient status of
the forest floor environment and decomposer organisms
(Harmon et al. 1986). Among these factors, the nutrient
limitation of organic matter decomposition has received
much attention in tropical forests (Hobbie & Vitousek
2000; Cleveland, Reed & Townsend 2006; Cleveland &
Townsend 2006; Hobbie 2008) because it is not possible to
fully understand tropical forest C cycling without consider-
ing nutrient limitations (Townsend ez al. (2011). In this
context, it is important to assess how human activities are
affecting nutrient inputs to ecosystems, for example,
through atmospheric nitrogen (N) deposition, as this can
affect a number of ecosystem processes, including decom-
position.

Atmospheric N deposition in particular has increased
dramatically in recent decades and is projected to rise fur-
ther in tropical and subtropical regions in future (Reay
et al. 2008; Bala ef al. 2013). Rates of N deposition
already range from 30 to 73 kg N ha™' year™' in some
tropical forests of southern China (Fang et al. 2011), but
there is very little information on the effects of N deposi-
tion on woody debris decomposition in tropical forests.
Although N deposition is thought to impede organic mat-
ter decomposition (Janssens et al. 2010), experimental
studies in different forests have produced inconsistent

patterns; for example, Hobbie (2005) showed increased
decomposition of wood with N addition, whereas Bebber
et al. (2011) observed enhanced woody debris decomposi-
tion at low levels of N deposition but reduced decomposi-
tion rates at high levels.

Surprisingly, the effect of P availability on woody debris
decomposition in tropical forests has not yet been
reported, even though a number of ecosystem processes
are thought to be P-limited in tropical forests on highly
weathered soils (Cleveland, Townsend & Schmidt 2002;
Vitousek et al. 2010), and there are multiple lines of evi-
dence for P limitation of leaf litter decomposition in low-
land tropical forests. For instance, elevated P in litter and
elevated N and P in soil increased decomposition rates in a
Hawaiian tropical forest (Hobbie & Vitousek 2000) and P-
fertilization stimulated soil respiration in a lowland tropi-
cal rain forest in Costa Rica (Cleveland & Townsend
2006). These results suggest that P constraints on decom-
position are critical for understanding the role of tropical
forests in a rapidly changing global C cycle.

Hence, despite the importance of woody debris to local
and global C budgets, we know little about the nutrient
limitations of woody debris decomposition, especially in
tropical forests (Harmon et al. 1986; Kaspari et al. 2008).
To address this, we conducted a fertilization experiment
using branch segments from four tree species in a tropical
forest in southern China to investigate the effects of +N
and +P fertilization on woody debris decomposition and
nutrient release. Our previous work demonstrated that soil
fungal biomass decreased with +N addition but increased
with +P addition (Li et al. 2015). Hence, fertilization treat-
ments are likely to affect the decomposition of woody deb-
ris because lignin degradation is highly dependent on
fungal decomposers (van der Wal et al. 2007). Accord-
ingly, we hypothesized that (i) +N addition would impede
woody debris decomposition, whereas (ii) +P addition
would accelerate woody debris decomposition and (iii) the
responses to fertilization treatments would be species
specific.

Materials and methods

SITE DESCRIPTION

This study was conducted in a secondary mixed tropical forest at
the Xiaoliang Research Station for Tropical Coastal Ecosystems,
the Chinese Academy of Sciences (21°27'N, 110°54’E), southwest
of Guangdong Province, China. The station is located 4 km from
the coastline of the South China Sea. The climate is tropical mon-
soon with a mean annual temperature of 23 °C and annual precip-
itation of 1526 mm in 2012. The climate is seasonal with a distinct
wet season from April to October and a dry season from Novem-
ber to March. The average temperature in wet season is 27-3 °C
and total precipitation 1152 mm, and for the rest of the year, the
data were 18-4 °C and 374 mm, respectively. The soil is a latosol,
formed from highly weathered granite, with a pH of ¢. 4 and low
availability of P (Table 1). The site was originally established as a
Eucalyptus exserta plantation in 1959, but a further 312 species
were planted between 1964 and 1975 (Ding et al. 1992; Ren et al.
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2007). Hence, the current diversity and structural complexity of
the forest community are considered typical of secondary tropical
forest (Yu & Peng 1996).

EXPERIMENTAL DESIGN

A factorial N and P fertilization experiment was established in a
complete randomized block design in August 2009; a detailed
description of this experiment is given in Wang et al. (2014).
Briefly, N addition (+N), P addition (+P), N and P addition
(+NP), and control treatments (CT) were assigned randomly to
four 10 m x 10 m plots within five replicate blocks (Zhao et al.
2014). Starting in September 2009, N and P were applied in equal
amounts every 2 months to give 100 kg ha~' year'. Specifically,
for each fertilizer application, 476:6 g NHyNO; (equal to
166-6 g N) and/or 808 g NaH,PO, (equal to 166-6 g P) was dis-
solved in 30 L groundwater and applied to the corresponding
plots using a backpack sprayer, spraying as close to the soil sur-
face as possible; 30 L groundwater was applied to each control
plot. The amounts of N and P added correspond to studies of
experimental N (Lu et al. 2010) and P (Liu et al. 2012) additions
in neighbouring forests. Similar large additions of P relative to the
biological demand for N and P are standard practice in tropical
fertilization experiments because in many tropical soils, a large
proportion of the added P is fixed in biologically inaccessible
forms (Ostertag 2010; Wright e al. 2011).

Four common broadleaf tree species were chosen for this
experiment: Acacia auriculaeformis (henceforth ‘Acacia’; N-fix-
ing), Aphanamixis polystachya (‘Aphanamixis’), Schefflera octo-
phylla (‘Schefflera’) and Carallia brachiata (‘Carallia’). After a
serious typhoon disturbance in September 2010, standing dead
or recently fallen branches of ¢. 5 cm diameter were harvested
and cut into 10-cm-long segments with a fine-bladed band saw.
The samples were weighed, measured and tagged before being
placed in the experimental sites in October 2010. Six branch seg-
ments of each species were placed on the soil surface at 5-10-cm
intervals in each plot, making a total of 480 samples. For each
species and plot, one branch segment (henceforth referred to as
woody debris) was collected at random after 6, 12, 18, 24, 30
and 36 months and sealed in a plastic bag. Samples were
cleaned of soil and litter with a brush, dried to constant mass at
70 °C and weighed. Each sample was then cut into ¢. 2-cm-thick
pieces (including bark) and finely ground for analysis of N and
P concentrations.

In October 2010, three samples of freshly fallen branch seg-
ments (5 cm diameter, 10 cm length) of each species were analysed
for initial C, N, P, lignin and cellulose concentrations and wood
density. The sample volume of fresh woody debris of each species
was determined gravimetrically by water displacement (Hatfield &
Fukushima 2005); samples were then oven-dried to constant
weight at 70 °C to calculate wood density. We measured lignin
and cellulose concentrations following Goering & Van Soest
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(1970). N and P concentrations were determined by the micro-Kjel-
dahl digestion followed by colorimetric determination on a flow
injection auto-analyser (FIA; Lachat Instruments, Loveland, CO,
USA). To assess nutrient accumulation or release during decompo-
sition, we calculated the nutrient content remaining at each collec-
tion by multiplying the nutrient concentrations at each time point
by the mass remaining and report these values as a proportion of
the initial values (McGroddy, Silver & de Oliveira 2004):

Xle
XoW)

Nutrient content remaining =

where X, is the mean initial nutrient concentration in woody deb-
ris (n = 3), X, is the nutrient concentration at a given collection
time (7), W, is the initial dry weight of woody debris, and W, is
the dry weight at a given collection time (7). Hence, values >1
reflect an accumulation of nutrients during decomposition, and
values below 1 reflect nutrient release.

DATA ANALYSIS

We used a single negative exponential decay model to estimate
woody debris decomposition rates: y/yo = e ¥, where y/yo is
the fraction of mass remaining at a specific time ¢ (in years)
and k is the annual decay rate constant (Olson 1963). Regres-
sion analysis was used to test the model fit for mass loss of
woody debris over time. Species differences in initial woody
debris properties were explored with one-way ANova; where
overall differences were significant, post hoc tests (Fisher’s least
significant differences test, LSD) were used to correct for multi-
ple comparisons among species. Regression analyses and ANOva
were conducted using sess 16.0 for Windows (SPSS Inc.,
Chicago, IL, USA).

We used linear mixed effects models [nmle package in R 3.1.0;
(R Core Team 2014)] to investigate the effects of fertilization treat-
ments and species identity on decomposition processes. Treatment
and species were considered fixed effects and block as a random
effect in models for the decay rate constant k; collection time was
included as an additional random effect in the models for mass
loss, nutrient concentrations and nutrient release during 3 years of
decomposition. The significance of each term was determined by
comparing nested models using likelihood ratio tests and AICs to
check for model improvement (Pinheiro & Bates 2000); final mod-
els were compared to null models to determine main treatment
and species effects. Where there was no difference in the model fit
with or without the interaction term (treatment*species), we chose
the simpler model (treatment + species). However, as there was no
significant improvement in any model fit when the interaction
term was excluded and all models showed a highly significant
effect of tree species identity, species-specific responses to treat-
ments were investigated with individual models. Results are
reported as significant at P < 0-05.

Table 1. Means of soil physical and chemical characteristics (0—10 cm depth) in the secondary tropical forest before the start of fertiliza-
tion in 2009; values are means + SE for n = 5; aP is available P

Variables Control (CT) N-fertilized (+N) P-fertilized (+P) NP-fertilized (+NP)
pH 3-99 £ 0-06 397 + 0-05 3.95 £ 0-05 4.02 £ 0-09
SOC (%) 2:54 £ 0-16 290 + 0-12 2-86 + 0-27 290 + 017
Total N (g kg™ ") 271 £ 0-15 2:34 £ 021 2:66 £ 0-10 2-68 £ 0-19
Total P (g kg™") 0-40 + 0-03 0-38 + 0-02 0-42 + 0-02 0-43 £ 0-03
aP (mg kg™ ") 410 + 0-56 379 + 042 4.06 £ 0-37 3-70 + 0-03
NO; -N (mg kg™ 2-88 £ 0-35 272 £ 0-11 2:68 + 0-31 2:35 £ 033
NH, "-N (mg kg ™) 212 £ 012 1-85 £ 013 1-81 £ 0-11 2:03 £ 017
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Fig. 1. Patterns of mass loss of woody debris of four species during 36 months of decomposition in a fertilization experiment in a second-
ary mixed tropical forest; error bars show standard errors of means for n = 5, and P-values for treatment effects based on individual spe-
cies models are given; Acacia: Acacia auriculacformis Aphanamixis: Aphanamixis polystachya, Schefflera: Schefflera octophylla and
Carallia: Carallia brachiate; CT: Control, +N: N-fertilized, +P: P-fertilized, +NP: N- and P-fertilized. a: Acacia, b: Aphanamixis, c: Schef-

flera, d: Carallia.

Table 3. Decay rate constants k (year ') for woody debris of four species in the fertilization experiment; values are means + SE for
n =5, and P-values for treatment effects based on individual species models are given

Treatment effects

Species Control treatments +N +P +NP N P NP
Acacia 0-30 + 0-03 0-24 + 0-04 0-46 + 0-07 0-40 + 0-04 0-32 0-03 0-17
Aphanamixis 0-68 + 0-08 0-67 + 0-08 0-71 £+ 0-06 0-73 + 0-04 092 0-72 0-59
Schefflera 1-12 + 0-06 1-10 + 0-06 1-56 + 0-13 113 + 0-06 0-82 <0-01 0-95
Carallia 0-71 + 0-06 0-68 + 0-08 0-83 + 0-11 095 + 0-07 0-81 0-33 0-06

The N concentration in woody debris changed signifi-
cantly in response to +N, +P and +NP fertilization
(P <001, P=0-04 and P < 0-01, respectively), and the
direction of the response was species specific (species effect:
P < 0-01). N concentrations in the woody debris of Acacia
increased significantly in +N plots (P < 0-01; Fig. 2a), and
there was a trend towards increased N in Schefflera
(P = 0-06; Fig. 2c). N concentrations in Carallia increased
in response to +NP addition (P = 0-04) and marginally
in response to +N fertilization (P = 0-06; Fig. 2d). For
Aphanamixis, N concentrations decreased with +P fertiliza-
tion (P = 0-015; Fig. 2b). The P concentrations of woody
debris were not affected by +N fertilization but increased
significantly with +P and +NP fertilization in all species
(P < 0-01; Fig. 3).

The patterns of N release were significantly influenced
by fertilization with +N and +P (P = 0-01 and P = 0-03,
respectively), and the response differed among species (spe-
cies effect: P < 0-001). For Acacia, N release from woody
debris was greater in +P and +NP plots (P = 0-04 and
P = 0-03, respectively), whereas N accumulated in the +N
plots towards the end of the study (P = 0-01; Fig. 4a). For
Carallia, N release at the end of the study was greater in
+NP plots (P = 0-02; Fig. 4d), but there was no effect of
fertilization on N release from woody debris of Scheffleria
or Aphanamixis (Fig. 4b,c).

P accumulated in woody debris in response to +P and
+NP additions during the first 12-18 months of decompo-
sition in all species (P < 0-01 for all species; Fig. 5). There
was a marked shift towards nutrient release after 2 years
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Fig. 2. Nitrogen (N) concentrations of woody debris of four species during 36 months of decomposition in the fertilization experiment;
error bars show standard errors of means for n = 5, and P-values for treatment effects based on individual species models are given. a:

Acacia, b: Aphanamixis, c: Schefflera, d: Carallia.

of decomposition, with both N and P content in woody
debris dropping below the initial values for all species in
all treatments by the end of the study (Figs 4 and 5).

Discussion

FERTILIZATION EFFECTS ON DECOMPOSITION RATES

We hypothesized that the decay rate of woody debris
would decrease with N addition because previous studies
indicate that decomposition of wood by fungi increases at
low rates of N addition but decreases under high N avail-
ability (Schmitz & Kaufert 1936). Large N inputs can alter
the fungal community (Carreiro et al. 2000) and inhibit
the basidiomycete fungi known as ‘white rots’, which are
highly efficient in utilizing woody litter (Bebber ef al.
2011). A previous study at our site showed that +N addi-
tion decreased total fungal biomass by 10% compared to
controls (Li et al. 2015), but despite this, and although our
+N additions were more than twice the atmospheric N
deposition rates in the studied area, we observed no nega-
tive effect of +N addition on decay rates or mass loss of
woody debris in any of the four study species.

We found strong evidence to support our hypothesis of
P limitation of woody debris decomposition in this system,

as +P and +NP additions increased mass loss from woody
debris in all species. Phosphorus is frequently cited as the
primary limiting element in tropical forest soils, but to our
knowledge, this study was the first field study to report the
effects of +P addition on woody debris decomposition in a
tropical forest. We propose that the positive effect of +P
addition in our study is likely a result of shifts in the com-
munity composition of decomposer organisms and changes
in soil extracellular enzyme activities in response to the
alleviation of P limitation. Previous work at the study site
showed that soil microbial biomass in general, and fungal
biomass in particular, increased with +P addition (Wang
et al. 2014), and there was greater relative abundance of
fungal biomarkers in +P plots (Liu et al. 2012; Li et al.
2015). Soil fungi play a pivotal role in litter decomposition
and nutrient cycling in forest ecosystems (Dick, Cheng &
Wang 2000; Enowashu et al. 2009), and fungal decompos-
ers are largely responsible for the breakdown of lignin and
cellulose (i.e. lignocellulose) derived from woody plant
material (van der Wal et al. 2007). As microbial resource
allocation, and hence decomposition, is subject to fairly
strict stoichiometric constraints (Sinsabaugh et al. 1993),
the high availability of N and the alleviation of P
limitation at our site would provide a strong incentive
for microbes to invest in C acquisition which in turn
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would accelerate decomposition processes. Taken together,
these different lines of evidence suggest that P addition
has enhanced the decomposition of woody debris by
stimulating the growth and activity of soil fungal
decomposers.

FERTILIZATION EFFECTS ON NUTRIENT RETENTION
AND RELEASE

Numerous studies in more N-limited systems reported
accumulation of N during decomposition of wood (Sol-
lins et al. 1987; Arthur & Fahey 1990; Laiho & Prescott
1999), whereas in our control plots, the woody debris of
all species except Aphanamixis acted as a net N source
during the 36 months of decomposition. Interestingly,
the woody debris of Aphanamixis had the highest
C : N : P ratio of all the species in our study, and it is
likely that initial N concentrations were low relative to
decomposer requirements. The observed pattern of initial
N accumulation followed by a shift to net N release
after 24 months (Fig. 4) is consistent with immobilization
of N until it reached a critical concentration for decom-
position.

The patterns in P release from woody debris in control
plots during decomposition varied among species, but the

high initial P accumulation in +P and +NP plots in all spe-
cies is striking (Fig. 5). Microbial immobilization and
active uptake of limiting elements are regarded as an
important nutrient retention mechanism in nutrient-poor
systems (Olander & Vitousek 2004; Cleveland, Reed &
Townsend 2006), and fungal decomposers can actively for-
age for P and import it into carbon-rich, low-nutrient sub-
strates such as decaying wood (Wells, Hughes & Boddy
1990). In our study, it is conceivable that greater P avail-
ability in the surrounding soil allowed fungal decomposers
to allocate more P to the decomposing substrate. Although
this remains to be tested, we propose that fungal import of
P presents a plausible mechanism for accelerated woody
debris decomposition in +P fertilized plots.

It is noteworthy that +P fertilization increased N con-
centrations in Aphanamixis, the species with the lowest
N : P ratio (Fig. 2), and net N release from woody debris
of the N-fixing species Acacia, which had the highest initial
N concentration (Table 2; Fig. 4). Further, the effects of
+NP fertilization on mass loss and nutrient release were
often stronger than the effects of +P alone. These results
demonstrate the regulation of stoichiometric balance
during decomposition and possible imbalances caused by
extraneous nutrient inputs, which in turn will alter patterns
of nutrient accumulation and release.

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 295-304



INTERSPECIFIC DIFFERENCES IN WOODY DEBRIS
DECAY RATES

For a given site and climate, litter mass loss is primarily
related to chemical and physical properties of the litter
(Berg, Steffen & McClaugherty 2007). Wood density is a
key physical trait affecting the decomposability of woody
debris; decomposition is faster in low-density wood because
it provides a favourable microenvironment for decomposer
organisms (Chave et al. 2009). Although lignin : N ratios
are often cited as good predictors of litter decomposability
(Aerts (1997), litter from tropical sites generally has lower
lignin : N ratios, higher N and lower P concentrations com-
pared to other climatic regions (Yuan & Chen 2009). It is
therefore noteworthy that the rates of woody debris decom-
position for the four species in our study (Scheffl-
inversely
related to C : P ratios (Table 2), even though the species
with the highest decomposition rates (Scheffleria) also had
the highest lignin : N ratio. As our sample size is limited,
further study with a larger number of species is needed to
test whether woody debris decomposition in tropical forests
can be predicted by C : P or lignin : P ratios.

era > Carallia > Aphanamixis > Acacia) were

Conclusions

To our knowledge, this is the first study to provide direct
evidence of P limitation of woody debris decomposition in
a tropical forest. Our results demonstrate that N and P
additions have variable effects on woody debris decompo-
sition and many of the observed patterns can be explained
by the stoichiometry of the substrate and activity of
decomposer organisms. It is therefore conceivable that the
decomposition of woody debris may become inhibited by
nutrient imbalances as a result of, for example, increasing
atmospheric CO, concentrations and N deposition in
many tropical forests in future. Our results provide a solid
foundation for further, more detailed work on microbial
community composition and enzyme activities during
decomposition to gain a more complete picture of nutrient
regulation of the tropical C cycle.
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