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ABSTRACT 

Predicting future impacts of anthropogenic change 
on tropical forests requires a clear understanding of 
nutrient constraints on productivity. We compared 
experimental fertilization and litter manipulation 
treatments in an old-growth lowland tropical forest 
to distinguish between the effects of inorganic 
nutrient amendments and changes in nutrient cy- 
cling via litterfall. We measured the changes in soil 
and litter nutrient pools, litterfall, and fine root 
biomass in plots fertilized with nitrogen (N), phos- 
phorus (P), or potassium (K), and in litter addition 
and litter removal treatments during 7 years. Soil 
inorganic N and litter N increased in double-litter 
plots but not in N-fertilized plots. Conversely, fitter 
P and soil pools of P and K increased in fertilized 
plots but not in the double-litter plots. Soil and litter 
pools of N and K decreased in the no-litter plots. 

Changes in litterfall with added nutrients or litter 
were only marginally significant, but fine root bio- 
mass decreased with both the litter and the K 
addition. Differences between the two experiments 
are mostly attributable to the coupled cycling of 
carbon and nutrients in litter. Increased nutrient 
inputs in litter may improve plant uptake of some 
nutrients compared to fertilization with similar 
amounts. The litter layer also appears to play a key 
role in nutrient retention. We discuss our findings 
in the context of possible impacts of anthropogenic 
change on tropical forests. 

Key words: nutrient limitation; Panama; fitter 
addition; litter removal; nitrogen; phosphorus; 
potassium; litterfall; soil nutrients; fine root bio- 
mass. 

Received 22 July 2011; accepted 12 December 2011; 
published online 24 January 2012 
Electronic supplementary material: The online version of this article 
(doi: 10.1007/sl 0021-011-9516-9)    contains    supplementary    material, 
which is available to authorized users. 
Author Contributions: SJW, EVT, JYB, and KEH designed the study; 
BJS, KEH, JSP, MK, MNG and BLT performed the research, EJS analyzed 
the data, EJS, SJW and JYB wrote the paper. 
^Corresponding author; e-mail: emsa@ceh.ac.uk 

INTRODUCTION 

Tropical forest growth currently represents the 
largest terrestrial sink for anthropogenic C02 

emissions but forest productivity under rising 
atmospheric C02 may eventually become con- 
strained by nutrient availability (Oren and others 
2001; Beedlow and others 2004). Enhanced forest 
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growth not only alters forests' nutrient demands 
but also alters nutrient cycles through greater in- 
puts of organic matter and indirect effects on 
microbial processes and soil chemistry (Sayer 
2006). At the same time, human activities are 
rapidly increasing the atmospheric nutrient depo- 
sition across the globe (Galloway and others 2004; 
Phoenix and others 2006). Recent research has 
shown that anthropogenic nitrogen (N) deposition 
in particular is increasing dramatically in tropical 
regions (Galloway and others 2004; Hietz and 
others 2011) and phosphorus (P) deposition may 
already play an important role as a source of P in 
tropical regions (Okin and others 2004). It has been 
proposed that atmospheric nutrient deposition 
may, to some extent, alleviate nutritional con- 
straints on increased growth under elevated C02 

(Beedlow and others 2004). However, large inputs 
of specific nutrients (such as reactive N) can change 
the stoichiometric ratios of nutrients in plant mat- 
ter, which causes nutrient imbalances in plants 
(Vitousek and others 1997), alters decomposition 
processes (Giisewell 2004), and can result in defi- 
ciencies of other elements (Loladze 2002). 

Despite the importance of tropical forests in 
global biogeochemical cycles, there remain major 
knowledge gaps in our understanding of tropical 
forest nutrient cycling. This confounds attempts to 
predict the effects of anthropogenic change on 
tropical forest nutrient cycling and carbon seques- 
tration. The maintenance of productive forests with 
large biomass on seemingly infertile soils is one 
such conundrum. This apparent paradox can be 
attributed in part to the major difficulties in 
assessing nutrient availability to plants. For exam- 
ple, lowland tropical forests are thought to have a 
large pool of soil N owing to N accumulation from 
biological fixation and atmospheric deposition 
during the course of soil development (Robertson 
and Vitousek 1981). In contrast, P is mainly derived 
from the weathering of parent material during the 
initial stages of soil development, and the size of 
the available soil P pool decreases over time due to 
erosion, leaching (Walker and Syers 1976), sorp- 
tion to secondary soil minerals, and incorporation 
into organic compounds (for example, Turner and 
Engelbrecht 2011). Consequently, lowland tropical 
forests on old, highly weathered soils are generally 
thought to be rich in N but poor in plant-available P 
and possibly other rock-derived nutrients (Vitousek 
1984; Vitousek and Sanford 1986; Townsend and 
others 2007; Vitousek and others 2010). However, 
recent research has shown that N cycling in low- 
land tropical forests can be relatively conservative, 
despite large soil pools of inorganic N (Koehler and 

others 2009) and that N limitation remains an 
important control on tropical forest productivity 
(LeBauer and Treseder 2008; Wright and others 
2011). Conversely, other studies have shown rela- 
tively high returns of P in litterfall despite low 
concentrations of extractable P in the soil (Kaspari 
and others 2008; Sayer and Tanner 2010), indi- 
cating that the size of the measurable or extractable 
soil nutrient pool does not necessarily reflect 
nutrient availability to plants. Further, plant 
adaptation strategies to nutrient limitation, 
including increased nutrient uptake and use effi- 
ciency can lead to higher productivity than ex- 
pected on nutrient poor soils (Paoli and others 
2005). 

The great heterogeneity of tropical forests further 
complicates efforts to make meaningful general- 
izations because they grow on a very broad range of 
different soils (Townsend and others 2008) and 
because not all species need be limited by the same 
nutrient (Grubb 1989). In addition, multiple re- 
source limitation is common (Bloom and others 
1985; Field and others 1992; Wright and others 
2011), and the alleviation of limitation by one 
nutrient will likely immediately lead to limitation 
by another (Davidson and Howarth 2007; Vitousek 
and others 2010). 

Fertilizer experiments have greatly advanced our 
understanding of tropical forest mineral nutrition 
because they make it possible to directly measure 
the response of nutrient pools to changes in 
nutrient inputs. These responses can then be used 
to draw conclusions about the availability of 
nutrients to plants. Fertilizer experiments have also 
proven invaluable in identifying process-limiting 
nutrients, whereby additions of a given nutrient 
cause an increase in the rate of a biological process 
(Vitousek and others 2010)—usually measured as 
increased growth, biomass (Elser and others 2007; 
LeBauer and Treseder 2008), or decomposition 
rates (Ostertag and Hobble 1999; Hobble and 
Vitousek 2000). Single nutrients and combinations 
of nutrients can be added in a highly controlled 
manner and treatment responses are often easily 
interpreted. 

One of the drawbacks of fertilizer studies is that 
the application of one or two specific inorganic 
nutrients (often in large quantities) alters nutrient 
ratios in the soil and litter. This can have wide- 
reaching consequences for the interpretation of 
changes in nutrient cycles because of the crucial 
role of the stoichiometric nutrient requirements of 
microbes controlling the dynamics of elements 
during decomposition processes (Manzoni and 
others 2010). However, such effects as these may 
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also be a common consequence of atmospheric 
nutrient deposition (Giisewell 2004). Furthermore, 
both the fertilization and the atmospheric nutrient 
deposition can substantially alter the timing of 
nutrient pulses, which is a critical mechanism for 
maintaining productivity in many tropical forests 
(Lodge and others 1994). Thus, experimental fer- 
tilization treatments can also be applied in natural 
ecosystems to elucidate the effects of atmospheric 
nutrient deposition on tropical forest nutrient cy- 
cling (for example, Hall and Matson 2003; Wullaert 
and others 2010). 

Recently, a different experimental approach has 
been adopted in tropical forests, which involves 
removing or adding litterfall (for example, Sayer 
and others 2006a, b; Vasconcelos and others 2008; 
Wood and others 2009; Sayer and Tanner 2010). 
These experiments are useful for determining the 
importance of litterfall in forest nutrient cycling 
(Sayer 2006; Sayer and Tanner 2010). In the first 
instance, litter can be regarded as a natural, com- 
plete fertilizer that provides all the elements plants 
need for growth and the slow release of nutrients 
from decomposing litter plays a role in the reten- 
tion of nutrients that are otherwise quickly leached 
from the system (Quails and others 1991; Tobon 
and others 2004). Moreover, litter addition treat- 
ments also introduce large amounts of carbon to 
the system. This not only provides an energy source 
for the soil microbial populations controlling 
nutrient immobilization and mineralization but can 
also alter soil chemical and physical properties 
(Sayer 2006). Indeed, increased litter inputs, for 
example as a response to C02 fertilization, may be 
more likely to alter ecosystem nutrient cycling than 
changes in litter quality (Liu and others 2009), 
which has been shown to have little effect on 
decomposition under elevated C02 (Norby and 
others 2001). In contrast, litter removal treatments 
provide a way to reduce the recycling of nutrients 
from plants to the soil and measure to what extent 
soil nutrient pools can compensate and support 
plant nutrient requirements for growth. 

Litter manipulation experiments differ greatly 
from fertilization studies in that they cannot iden- 
tify limiting nutrients, and they impose additional 
variation because of the high spatial and temporal 
heterogeneity of litter quantity and quality. Fur- 
thermore, the forest floor fulfills many other 
functions besides being a source of nutrients (Sayer 
2006), which often makes treatment responses 
difficult to interpret. Litter removal presents an 
additional challenge as the loss of organic matter 
deprives microbial decomposers of energy in addi- 
tion to nutrients. 

Given the differences in nutrient augmentation 
by fertilization versus litter addition treatments, we 
are in a unique position to compare and contrast 
complementary fertilization and litter manipula- 
tion experiments in a lowland tropical forest in 
Panama because our experiments were set up side 
by side at the same study site and the sampling 
dates and methodology have been largely coordi- 
nated. An estimate of the annual nutrient return by 
litter at the study site (Sayer and Tanner 2010) 
shows that experimentally doubling the annual 
litterfall supplies approximately the same amount 
of N and potassium (K) to the plots as the fertilizer 
treatments (143 vs. 125 kg N ha-1 y_1 and 39 vs. 
50 kg K ha-1 y_1 for the double-litter and fertilizer 
treatments, respectively) and around 12% of the P 
added in the fertilization experiment (5.8 kg ha-1 

y"1 vs. 50 kg ha"1 y"1). 
Here, we evaluate the differences between the 

effects of inorganic nutrient inputs and the in- 
creased inputs of nutrients cycled in organic matter 
to suggest possible pathways by which anthropo- 
genic change could affect tropical forest nutrient 
cycles. First, we considered the level of extractable 
soil nutrients in response to nutrient augmenta- 
tion. We hypothesized that for process-limiting 
nutrients at our study site (P and K) we would see a 
relatively rapid increase in pool size, whereas for 
those nutrients thought to be readily available (N, 
calcium, and magnesium) the response time would 
be longer than the time-frame of the study. The 
effects of fertilization and litter manipulation on N 
and K pools should be similar, as the two experi- 
ments added similar amounts of these nutrients. 
Correspondingly, we expected a greater response of 
P pools to fertilization with P. 

We then evaluated the concentration of nutri- 
ents returned through litterfall, which can, to some 
extent, reflect the availability of nutrients in the 
soil (Vitousek and Sanford 1986; Aerts and Chapin 
2000). We hypothesized that if the extractable pool 
size of a given nutrient were related to its avail- 
ability to plants, we would expect changes in the 
soil nutrient pool to be reflected in the nutrient 
concentrations of the litter. 

Net primary productivity is notoriously difficult 
to measure in tropical forests (Clark and others 
2001); we therefore considered litterfall as a mea- 
sure of productivity and also assessed fine root 
biomass, as fine roots are the primary plant part 
responsible for nutrient uptake. Plants can main- 
tain a small fine root biomass when nutrients are 
plentiful, whereas they tend to allocate a larger 
proportion of resources to fine root biomass when 
nutrients  are  scarce   (Bloom  and  others   1985). 
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Hence, we hypothesized that an increase in the 
availability of limiting soil nutrients would reduce 
fine root biomass while increasing aboveground 
productivity (litterfall). 

MATERIALS AND METHODS 

Study Site 

The study site is located on the Gigante Peninsula 
(9°06' N, 79°54' W) in the Barro Colorado Nature 
Monument (BCNM) in Panama. The species com- 
position and stature of the forest are characteristic 
of mature seasonally evergreen lowland tropical 
forest (Wright and others 2011). The soils are 
classed as Endogleyic Cambisols to Acric Nitrisols 
(FAO classification; Koehler and others 2009), with 
moderate to low concentrations of extractable 
inorganic nitrogen, phosphorus, and potassium 
(Sayer and Tanner 2010; Yavitt and others 2011). 
Nearby Barro Colorado Island (c. 5 km from the 
study site) has a mean annual rainfall of 2600 mm 
with a strong dry season from January to April 
and a mean temperature of 26°C (Leigh 1999). 
Between 1996 and 1997, a 38.4-ha area (480 m x 
800 m) of forest was mapped and all trees with a 
diameter at breast height (DBH) greater than 20 cm 
were tagged, identified, and measured for DBH. 
Within this site the fertilization and litter manipu- 
lation experiments were initiated in 1998 and 
2003, respectively. 

Gigante Fertilization Project (GFP) 

The GFP consists of a factorial NPK fertilization with 
an additional micronutrient treatment. Each of the 
36 plots measures 40 m x 40 m and nine fertilizer 
treatments (N, P, K, NP, NK, PK, NPK, micronutri- 
ents, and control) were each applied to four repli- 
cate plots beginning in June 1998. The 
micronutrient treatment will not be addressed here. 
Fertilizers are applied by hand four times a year 
during the wet season. The experimental design and 
fertilizers used are described in detail in Kaspari and 
others (2008) and Wright and others (2011). 

Gigante Litter Manipulation Project 
(GLMP) 

The GLMP consists of 15 plots, each measuring 
45 m x 45 m. Starting in January 2003, the litter 
in five plots was raked up once a month (no-litter 
plots) and immediately added to five plots (double- 
litter plots), and five plots were left undisturbed as 
controls. The experimental design is described in 
detail in Sayer and Tanner (2010). 

Comparisons Between the Experiments 

As the experiments were initiated in different years, 
we compared treatment responses after a common 
number of years since the start of treatments. We 
compared fine and small root biomass after about 
20 months of treatments; soil organic carbon, total 
nitrogen, and microbial biomass after 6 years; litter 
nutrient concentrations after 3 and 5 years; soil 
nutrients after 3 and 7 years; and litter production 
annually over 7 years of treatments. Some of these 
data have been previously reported in different 
forms (Sayer and others 2006a, 2007; Kaspari and 
others 2008; Sinsabaugh and others 2008; Sayer 
and Tanner 2010; Wright and others 2011; Yavitt 
and others 2011; Online Appendix Tables 1-4). 

Nutrients in Soil and Litter 

We compared N, P, K, calcium (Ca), magnesium 
(Mg), and zinc (Zn) in the soil after 3 and 7 years of 
treatments (Online Appendix Table 1). All the soil 
samples were collected during the late rainy season 
at 0-10-cm depth and at least 10 m from the 
nearest edge of a treatment plot. Four to nine 
individual samples were combined to make one 
composite sample per plot as described below. 

After 3 years of treatments, four soil samples 
were taken in each GFP plot and eight in each 
GLMP plot. For all plots, nitrate and ammonium 
were extracted from fresh soil in a 2 M KC1 solution 
within 48 h of collection and soil pH was measured 
on a 1:3 soil solution in distilled water. In the GFP 
plots, extractable P was determined by Bray's P-l 
test and cation concentrations were determined by 
NH4C1 extraction from dried (45°C) soil. In the 
GLMP plots, extractable P and cations were deter- 
mined by Mehlich III extraction. Problems with 
contamination with ammonium-N obliged us to 
discard the 3-year results for ammonium-N and 
total inorganic N (Ninorg) in the GLMP plots. 

After 7 years of treatments, nine soil samples 
were collected from each GFP and GLMP plot. 
Fresh-soil extracts for mineral nutrients were pre- 
pared within 24 h of collection and soil pH was 
measured on a 1:3 fresh soil solution in distilled 
water. Nitrate-N and ammonium-N were extracted 
from fresh soil in a 2 M KG solution and deter- 
mined by automated colorimetry; soil P and cations 
were determined by Mehlich III extraction and 
analyzed by ICP-OES. 

We also compared total organic carbon (TOC), 
total nitrogen (NTOT), and microbial biomass C and 
N at 0-10-cm depth in the soil after 6 years of 
treatments (Online Appendix Table 2). In the GFP 
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plots, four soil samples were collected in each plot 
during the rainy season in August 2004. In the 
GLMP plots, eight samples were collected in April 
2008. Samples were pooled to give one composite 
sample per plot and extractions for analysis were 
performed within 2 days of sampling. Microbial 
biomass was estimated via the fumigation extrac- 
tion technique using identical protocols to those 
reported in Sayer and others (2007). TOC and NTOT 

were extracted in 0.5 M K2S04 solution and mea- 
sured simultaneously on a TOC VCPH/CPN Ana- 
lyzer (Schimadzu, Kyoto, Japan; Online Appendix 
Table 2). 

Nutrient concentrations in mixed forest litter 
collected from litter traps (see below) were com- 
pared after 3 and 5 years of treatments (Online 
Appendix Table 3). For the GFP plots, litter samples 
collected in September and October were pooled to 
make one sample per plot and year. For the GLMP 
plots, litter samples collected in September were 
pooled by plot and year. All the samples were finely 
ground for nutrient analysis. Phosphorus and cat- 
ions were determined by ICP after acid digestion 
and total nitrogen was determined by complete 
combustion gas chromatography (Kaspari and 
others 2008; Sayer and Tanner 2010). 

Fine Root Biomass and Litterfall 
We compared fine root biomass (<2-mm diame- 
ter) after 19-22 months of treatments (Online 
Appendix Table 2) by taking 5-cm diameter intact 
soil cores at 0-10-cm depth. All the sampling sites 
were located randomly in the inner 20 m x 20 m 
and 30 m x 30 m of the GFP and GLMP plots, 
respectively. In the GFP plots, four soil cores were 
taken per plot in April 2000 (22 months after the 
start of treatments); in the GLMP plots, ten cores 
were taken in each plot in June and July 2004 
(19 months after the start of treatments). Each soil 
core was cut into two equal segments, giving 
nominal sampling depths of 0-5 cm and 5-10 cm. 
Live roots were separated from the soil as described 
by Sayer and others (2006a) and dried to constant 
weight at 60°C. 

We compared litterfall annually over 7 years of 
treatments. Small litterfall (sensu Proctor 1983) was 
collected in all GFP and GLMP plots on the last 
Thursdays and Fridays of every month; litter traps 
measured 0.76 m x 0.76 m and were mounted 
approximately 0.7 m above the soil surface. Three 
and ten litter traps were located randomly in the 
inner 30 m x 30 m of each GFP and GLMP plot, 
respectively. Woody debris with a diameter greater 
than 20 mm was discarded during collection; the 

remaining small litter was oven-dried at 60°C and 
weighed (Sayer and Tanner 2010; Wright and oth- 
ers 2011). We divided total annual small litterfall 
into dry season and rainy season litterfall to differ- 
entiate between changes in leaf turnover during the 
rainy season and leaf shedding due to phenological 
cues or water stress during the dry season (Sayer 
and Tanner 2010). Dry season litterfall was defined 
as small litterfall from January to April for each 
year, whereas rainy season litterfall was defined as 
small litterfall from May to December for each year 
(Online Appendix Table 4). 

Data Analysis 
To facilitate the comparison of treatment effects 
and effect size between experiments, log response 
ratios were calculated for N addition, P addition, K 
addition, litter addition, and litter removal treat- 
ments. Log response ratios represent the propor- 
tional response to experimental treatments: 
RRX = \n(Rx/Rc), where Rx is the measured value 
of the response variable in the experimental treat- 
ment and Rc is its value in the untreated control 
(Elser and others 2007). An RRX of zero represents 
"no treatment response", values greater than zero 
represent positive responses, and values less than 
zero represent negative responses (Harpole and 
others 2011). Absolute values of measured vari- 
ables are given in Online Appendix Tables 1-4. 

Data with repeated measures (soil nutrients, pH, 
litter nutrients, litterfall) were analyzed using mixed 
effects models (lme command in R, Pinheiro and 
Bates 2000) with treatment and time as fixed effects 
and plot as the random effect. Data with only one 
time point (fine root biomass, microbial biomass, 
TOC, and NTOT) were analyzed by one-way analysis 
of variance (lm command in R). Interactions be- 
tween fertilizer treatments (N + P, N + K, and 
P + K) were evaluated in preliminary models; none 
of the interactions was significant when compared to 
the main treatment effect and interactions were 
therefore excluded from further analysis. Main 
treatment effects were assessed by comparing null 
models to full models (with treatment as a factor/ 
fixed effect) using likelihood ratio tests and were 
considered only if including treatment significantly 
improved the model. Significance levels and rvalues 
for individual treatments were derived from the full 
models. All analyses were performed in R 2.13.2 
(R Development Core Team 2010). 

As we evaluated differences between experi- 
ments using only those time points at which the 
variables were directly comparable, the significance 
levels of effects for individual treatments differ 



392 E. J. Sayer and others 

from previously published results from the two 
experiments (see Sayer and others 2006a, 2007 
Kaspari and others 2008; Corre and others 2010 
Sayer and Tanner 2010; Wright and others 2011 
Yavitt and others 2011). 

RESULTS 

Soil Nutrients and pH 

Litter manipulation treatments had a greater effect 
on inorganic N concentrations in the soil, whereas 
fertilization had a greater effect on soil P and K 
concentrations (Figure 1). 
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Figure 1. Changes in soil nutrient concentrations in response to fertilization and litter manipulation experiments in old- 
growth lowland tropical forest, Panama, Central America, expressed as log response ratios relative to controls; 
N+ = nitrogen fertilization; P+ = phosphorus fertilization; K+ = potassium fertilization; L+ = litter addition; L— = litter 
removal; dark gray bars show effects after 3 years of treatments and light gray bars show effects after 7 years of treatments; 
values shown are means ± standard errors for n = 16 (fertilizer treatments) and n = 5 (litter manipulation treatments); 
significance levels for individual treatments are given as ***P < 0.001, **P < 0.01, *P < 0.05. 



Nutrient Status in Lowland Tropical Forest 393 

CD 
t/t c o 
Q- 
M 
CO 

a: 

0.2 - 

0.1 - 

o- ■ 

-0.1- 

£    -0.2 c 
o 
P3 

0.25- 

o- 

-0.25 

-0.5- 

TOC 

4=i± 
MicrobialC 

Total N 

Microbial N 

?9 

Figure 2. Changes in 
TOC, NTOT, microbial 
biomass C, and microbial 
biomass N in the mineral 
soil in response to 6 years 
of fertilization and litter 
manipulation treatments 
in old-growth lowland 
tropical forest in Panama, 
Central America, 
expressed as log response 
ratios relative to controls 
(see Figure 1 for a 
description of symbols 
and abbreviations). 

N+ P+ K+ N+ P+ K+ L+ L- 

small but significant increase in soil P in the plots 
with added K (f = 2.01, P = 0.049). The concen- 
tration of K in the soil doubled in the plots with 
added K (t = 4.12, P < 0.001) and decreased in the 
plots with added N (t = -5.50, P < 0.001). Soil K 
was slightly higher in the plots with added P 
and the no-litter plots after 3 years of treatments, 
but had decreased significantly after 7 years of 
treatments (t = -3.66, P < 0.001 and t= -3.70, 
P < 0.001, respectively). There was no effect of 
litter addition on soil P or soil K concentrations. 
The Ca and Mg concentrations in the soil were not 
affected by any treatment, whereas Zn increased 
in the plots with added N and in the double-litter 
plots (t = 2.56, P = 0.013 and t = 2.72, P = 0.009, 
respectively; Figure 1). 

Soil pH (0-10-cm depth) decreased by half a unit 
(from 5.4 to 4.9) in the plots with added N (t = -3.3, 
P = 0.002) and soil pH was higher (5.8) in the dou- 
ble-litter plots (t = 2.19, P = 0.033; Figure 1). Total 
organic C, total N, and microbial biomass C and N in 
the mineral soil were not affected by any treatment 
(Figure 2). 

Litter Nutrients 
Litter N concentrations were not affected by fertil- 
ization with N but increased in the plots with added 
K (t = 2.07, P = 0.043). There was a trend towards 
higher litter N concentrations in the double-litter 
plots and a significant decrease in the no-litter plots 
(f = 1.86,   f = 0.069   and   f = -2.21,   P= 0.031, 

respectively). Litter P concentrations were higher 
in the plots with added P (t = 3.70, P < 0.001; 
Figure 3) but there were no significant effects of 
any other treatment. Litter K concentrations were 
not significantly affected by K fertilization but there 
was a strong trend towards lower litter K in the 
plots with added P (t = -1.99, P= 0.052) and a 
significant decrease in the no-litter plots after 
7 years of litter removal (t = -2.15, P = 0.036). 
The concentration of Ca in litter decreased in the 
plots with added N (t = -2.08, P = 0.042) but there 
were no effects of any treatment on the concen- 
tration of Mg or Zn in litter (Figure 3). 

Fine Roots and Litterfall 
Fine roots in the surface soil (0-5 cm) responded 
rapidly to fertilization with K and to the litter 
addition treatment (Sayer and others 2006a; Yavitt 
and others 2011). After less than 2 years of treat- 
ments, fine root biomass at 0-5-cm depth was sig- 
nificantly lower in the plots with added K and in 
the double-litter plots (t = -2.54, P = 0.014 and 
t = -2.49, P = 0.016; Figure 4). 

Annual litterfall and dry season litterfall were not 
affected by any treatment but rainy season litterfall 
was higher in the plots with added N or P (t = 2.2, 
P = 0.032 and t = 2.46, P = 0.017) and there was a 
marginally significant increase in rainy season lit- 
terfall in the double-litter plots (t = 1.74, P = 0.087; 
Figure 5). 
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DISCUSSION 

The amounts of nutrients and litter added in this 
study are much greater than the projected inputs 
by atmospheric deposition or increased growth in 
response to elevated C02 levels. Nevertheless, litter 
inputs can increase dramatically after extreme 
weather events such as hurricanes or drought 
(Lodge and others 1994) and a recent research 
has shown that changes in litter chemistry in 
the N-fertilization treatments are very similar to the 
effects of chronic low-level N deposition in the 
region since the 1960s (Hietz and others 2011). We 
observed several unexpected differences between 
the two experiments, most notably the contrasting 
effects of fertilization and litter addition treatments 
on N and K pools. We propose that these differ- 
ences can be largely explained by the addition of 
extra carbon in the double-litter plots. The addi- 
tional organic carbon affects not only the cycling of 
the   added   nutrients   by   providing   energy   to 

decomposers (Fontaine and others 2004) but also 
through changes in soil chemical and physical 
properties (Sayer 2006). Although substantial 
changes in soil respiration rates indicate that litter 
addition and removal treatments have affected 
carbon dynamics in the litter manipulation plots 
(Sayer and others 2007, 2011), it is important to 
note that neither TOC nor microbial biomass in the 
mineral soil (0-10 cm) changed significantly in the 
experimental treatments (Figure 2). 

Changes in Nutrient Pools 

Nitrogen 

We hypothesized that we would see little change in 
soil extractable N pools following nutrient aug- 
mentation. Although this largely held true for the 
N-fertilized plots, we observed a substantial in- 
crease in extractable inorganic N in the soil in the 
double-litter plots. This is surprising because both 
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Figure 4. Changes in fine root biomass at 0-5-cm and 
5-10-cm depth in response to 19-22 months of fertil- 
ization and litter manipulation treatments in old-growth 
lowland tropical forest in Panama, Central America, 
expressed as log response ratios relative to controls (see 
Figure 1 for a description of symbols and abbreviations). 

the treatments added roughly the same amount 
of N. 

fn the N-fertilized plots, the decrease in ammo- 
nium-N can be attributed to reduced immobiliza- 
tion of ammonium and increased gross nitrification 
rates under chronic N-fertilization (Corre and oth- 
ers 2010). Nitrate leaching also increased in the 
plots  with   added  N   (Corre   and   others   2010), 

resulting in a relatively small effect of N-fertiliza- 
tion on the soil nitrate-N pool (Figure 1). In the 
double-litter plots, the higher concentrations of 
nitrate-N could reflect increased nitrification rates 
without the corresponding losses because the slow 
release of inorganic N during litter decomposition 
reduces nitrate leaching (Quails and others 1991; 
Chang and others 2007). Although nitrification is 
generally thought to be an autotrophic process, 
heterotrophic nitrification is common in acid soils 
and may even be the dominant pathway for the 
production of nitrate-N in mature forest soil 
(Pedersen and others 1999). ft is conceivable that 
litter addition increased heterotrophic nitrification 
in the forest floor because heterotrophic nitrifica- 
tion is stimulated by the presence of organic C 
(Focht and Verstraete 1977; Adams 1986) and uses 
organic N compounds as a substrate instead of 
ammonium (Schimel and others 1984; Pedersen 
and others 1999). Thus, high rates of mineralization 
and nitrification in the forest floor would continu- 
ously replenish the soil nitrate-N pool with minimal 
losses through leaching; this possibility merits fur- 
ther attention in future. Litter N concentrations 
were shown to increase in the plots with added N in 
previous comparisons of the fertilized plots (Kaspari 
and others 2008; Corre and others 2010). Here we 
show that the increase in litter N concentrations 
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was greater in the double-litter plots (Figure 3), 
indicating greater long-term availability of N to 
plants in the litter addition treatment. 

The litter removal treatment resulted in lower 
concentrations of nitrate-N but not ammonium-N 
in the soil. As N in forest ecosystems is mainly cy- 
cled in organic form through litterfall (Attiwill and 
Adams 1993), the available soil N pool in the no- 
litter plots is gradually being depleted by plant 
uptake and leaching. Decreased nitrification rates 
and greater immobilization of ammonium-N rep- 
resent mechanisms to conserve inorganic N as the 
system becomes N-limited. Thus, it appears that on 
the one hand, chronic additions of inorganic N 
result in the forest N cycle becoming progressively 
"leaky" with major losses of N from the system 
(Koehler and others 2009; Corre and others 2010). 
On the other hand, the natural forest N cycle is 
relatively conservative and the retention and 
availability of N is largely dependent on the cycling 
of N in organic matter, to the extent that the 
withdrawal of N from the system by litter removal 
rapidly induces N-conserving mechanisms. 

Phosphorus 

Phosphorus is often considered the main growth- 
limiting element in lowland tropical forests (Vito- 
usek 1984; Townsend and others 2011), especially 
because a large proportion of inorganic P in tropical 
soils is usually bound in forms of low biological 
availability (Sanchez 1976; Vitousek and Sanford 
1986). Nutrient limitation can sometimes be 
inferred from the size of soil and litter nutrient 
pools (Vitousek and Sanford 1986; Aerts and Cha- 
pin 2000) but in our study forest the concentrations 
of extractable phosphate in the topsoil are low 
( < 2 mg kg-1; Sayer and Tanner 2010) whereas 
the amounts of P being returned by litterfall (c. 5- 
6 kg ha-1 y_1, Kaspari and others 2008; Sayer and 
Tanner 2010) are more characteristic of moderately 
fertile soils (Vitousek and Sanford 1986). This 
strongly suggests that the size of the extractable soil 
P pool does not accurately reflect P availability to 
plants. 

Fertilization with P caused a rapid and sub- 
stantial increase in soil P with a corresponding in- 
crease in litter P concentrations (Figures 1, 3). The 
large additions of P in the fertilized plots were 
deemed necessary to saturate soil colloids (Ingestad 
1974; Ostertag 2010) and to overcome the high 
phosphate sorption in the soils at our study site 
(L. Schreeg, unpublished data). Even so, the high 
concentration of extractable P in the soil of the 
P-fertilized plots demonstrates that much of the 

added P was not taken up by plants and Yavitt and 
others (2011) showed that approximately 81% of 
the added P remained in the soil after 7 years of 
fertilization. Consequently, although the amounts 
of P added as fertilizer in our study are not repre- 
sentative of atmospheric P deposition, much smal- 
ler inputs of P may indeed have a positive effect on 
P availability in tropical forests in the future (Okin 
and others 2004). 

The litter addition treatment provided only about 
12% of the P added as fertilizer, but the increase in 
litterfall in the double-litter plots required an 
additional uptake of approximately 1.2 kg P ha-1 

y_1, which is very similar to the additional 
1.4 kg P ha-1 y_1 returned in litter in the plots 
with added P. This implies that a greater proportion 
of the P from the litter was available for plant up- 
take. Most of the demand for P in natural forests 
can be met by rapid cycling of P in organic matter 
(Attiwill and Adams 1993; Turner and Engelbrecht 
2011) and fine roots growing into the organic 
horizons acquire P directly from decomposing litter 
as it is mineralized (Herrera and others 1978; Stark 
and Jordan 1978; Tobon and others 2004), 
bypassing the mineral soil (Witkamp 1971). The 
increase in P uptake despite the lack of change in 
soil extractable P pools in the double-litter plots 
suggests that most of the plant demands for P were 
met by direct cycling from the forest floor. 

As P is thought to be the main process-limiting 
element at our study site, we expected a sizeable 
effect of litter removal on soil and litter P concen- 
trations. However, the reductions in the soil and 
litter P pools observed after 7 years of litter removal 
were minor and not statistically significant. Previ- 
ous work at our study site has shown decreased 
organic P levels at the soil surface (0-2 cm) after 
several years of litter removal, which suggests that 
some organic P compounds may play a role as an 
alternative source of P to plants (Vincent and oth- 
ers 2010). On the other hand, as rocks are still 
present in the soil profile at our study site (Yavitt 
and others 2009), it is also conceivable that P is still 
entering the system through weathering and 
transport by deep roots. 

Potassium 

Throughfall is the main pathway for K inputs to 
tropical forests (Vitousek and Sanford 1986), nev- 
ertheless K-fertilization and litter addition 
increased annual K inputs by around 30% (Sayer 
and Tanner 2010). Potassium cycling follows a 
pattern more similar to N cycling than to other 
cations (Tripler and others 2006) and it is therefore 
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remarkable that in contrast to N, the amount of K 
in the soil increased greatly in response to K-fer- 
tilization but remained more or less unchanged in 
the double-litter plots (Figure 1). 

Potassium is highly soluble and if not adsorbed 
onto cation exchange sites or assimilated by plants 
or soil organisms it is readily leached from the soil 
(Likens and others 1994). There appear to be strong 
biotic controls on K leaching (Tripler and others 
2006) and K retention is thought to be principally 
achieved through rapid and efficient uptake by 
plants (Gosz and others 1976). We can only spec- 
ulate that the increase in K in the mineral soil of 
the plots with added K may be a result of greater 
occupation of cation exchange sites by K+, whereas 
in the double-litter plots it is possible that much of 
the K added with the litter resides in the forest floor 
rather than the mineral soil. A thick layer of litter 
can retain large amounts of nutrients, including K 
(Quails and others 1991; Tobon and others 2004) 
and the release of K from decomposing litter was 
reduced in the double-litter plots (Sayer and others 
2006b). Further, litter addition treatments can in- 
crease fungal abundance in the forest floor (Lodge 
and others 2008) and as fungi accumulate K (Tyler 
2005) much of the K added with the litter may be 
immobilized in fungal biomass and would not be 
available to plants. 

Although litter as a source of K is secondary to 
throughfall, its importance for K cycling and 
retention is demonstrated by the litter removal 
treatment—not only did soil K concentrations de- 
crease in the no-litter plots (Figure 1) but litter K 
concentrations also declined substantially over 
7 years of treatments (Figure 3). This could indi- 
cate either decreased K uptake or greater translo- 
cation of K before leaf abscission in response to 
dwindling availability in the soil (Likens and others 
1994). 

The soil K pool also decreased in the plots with 
added N, which, along with the trend towards de- 
creased Ca in the soil in the N-fertilized plots 
(Figure 1) is indicative of cation leaching as a 
consequence of acidification (Vitousek and others 
1997). 

Calcium, Magnesium, and Zinc 

There are large soil pools of Ca and Mg in the 
study forest because both the nutrients are present 
in the bedrock and in marine aerosol inputs at 
high concentrations (Yavitt and Wieder 1988; 
Cavelier 1992) and consequently we expected to 
see no treatment effects on these nutrients. De- 
spite this, there was a trend towards lower con- 

centrations of Ca in the soil and litter in the 
N-fertilized plots and increased soil Ca in litter- 
addition plots. Ca is mainly cycled in litterfall 
(Vitousek 1982) and annual litterfall can contrib- 
ute 80-90% of the Ca needed for growth (Parker 
1983). If the Ca requirements of plants were 
already being largely met by normal annual lit- 
terfall, then 7 years of litter addition probably 
added enough Ca to the system for Ca to accu- 
mulate in the topsoil. The decrease in litter Ca 
concentrations in the N-fertilized plots is more 
intriguing. Given the large soil Ca pool, it seems 
unlikely that the minor decrease in the soil Ca 
pool would affect foliar Ca concentrations and no 
other nutrient concentrations decreased signifi- 
cantly with N-fertilization. However, it is possible 
that the decrease in litter Ca is a sign of nutrient 
imbalance caused by excess N availability (Vito- 
usek and others 1997) and this finding merits 
further attention in future studies. 

The soil pool of extractable Zn increased in the 
N-fertilized and double-litter plots (Figure 1). In 
the plots with added N, we can attribute the greater 
availability of Zn to the decrease in soil pH as a 
consequence of N-fertilization. The concentrations 
of Zn in solution are inversely related to soil pH 
(Marschner 1993) and the sorption of Zn in clay 
soils increases rapidly above a pH of 5 (Cavallaro 
and McBride 1984). The decrease in soil pH of 
half a unit in the plots with added N (from 5.4 to 
4.9) appears to have been sufficient to mobilize 
extra Zn. 

On the other hand, Zn concentrations in the soil 
also increased in the double-litter plots, despite the 
trend towards increased soil pH (Figure 1), possibly 
through greater fluxes of DOC to the soil. 
The addition of organic matter can increase the 
solubility of Zn at pH above 5 by forming organo- 
metallic complexes; consequently, a large propor- 
tion of Zn in soil solution is bound to dissolved 
organic matter (Reddy and others 1995). Zinc 
complexed with organic carbon may not be as 
readily available to plants because of lower diffu- 
sivity but a larger amount would be detected by 
chemical extraction (Reddy and others 1995). It 
follows that what appears to be a similar effect of 
N-fertilization and litter addition on the extractable 
soil Zn pool can be attributed to two distinct pro- 
cesses with different consequences for plant Zn 
uptake. This conjecture is supported by the much 
smaller effect size of litter addition on Zn concen- 
trations in litter compared to fertilization with N, 
despite a similar effect on the amount of Zn 
extracted from the soil (Figures 1, 3). 
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Litterfall and Fine Root Biomass 

There was a trend towards increased rainy season 
litterfall in the plots with added P, added N, and 
litter addition (Figure 5) but there were no treat- 
ment effects on dry season litterfall, indicating that 
fertilization with N and P boosts leaf turnover 
during the main growth period (Wood and others 
2009; Sayer and Tanner 2010). We can take this as 
a first sign of changes in total litter production be- 
cause Wright and others (2011) showed increased 
annual litterfall after 11 years of P-fertilization. The 
trend towards increased rainy season litterfall in 
the double-litter plots provides strong evidence for 
improved nutrient uptake by plants through litter 
addition. Correspondingly, the withdrawal of 
nutrients with the litter removal treatment caused 
a sizeable (but non-significant) decrease in rainy 
season litterfall (Figure 5) and appeared to be 
affecting annual litterfall after 7 years of litter re- 
moval. We anticipate a significant decline in pro- 
ductivity in the no-litter plots within the next few 
years as the system becomes more nutrient-limited. 

Potassium fertilization reduced fine root biomass 
in the mineral soil (Figure 4; Yavitt and others 
2011). The source/sink theory postulates that trees 
should allocate more energy to root production on 
infertile sites (Bloom and others 1985); accord- 
ingly, if the supply of a limiting nutrient increases, 
root biomass should decline. This suggests that K is 
potentially limiting to plant growth in our study 
forest (Wright and others 2011; Yavitt and others 
2011). The importance of K as a nutrient limiting 
productivity has been demonstrated for temperate 
forests (Tripler and others 2006) but until recently 
there was little evidence for K limitation in tropical 
forests (Kaspari and others 2008; Wright and others 
2011; Yavitt and others 2011). 

Fine root biomass in the mineral soil also de- 
creased dramatically in the double-litter plots (Fig- 
ure 4); although it is conceivable that this decrease 
was a result of greater availability of K in the forest 
floor, we found little evidence for increased plant 
uptake of K because litter K concentrations re- 
mained unchanged (Figure 3). It is more likely that 
fine roots responded to the overall greater nutrient 
availability in the thicker forest floor of the double- 
litter plots as the decline in fine root biomass in the 
mineral soil was accompanied by proliferation of fine 
roots into the litter layer (Sayer and others 2006a). 

Co-limitation of N and K has been demonstrated 
in our study forest (Wright and others 2011), and 
increased availability of both of these nutrients in 
the forest floor may explain the changes in fine 
root biomass in the  double-litter plots.  Further 

evidence of co-limitation by N and K is provided in 
this study by the increase in litter N with K-fertil- 
ization (Figure 3). 

CONCLUSIONS 

We show marked differences in the responses of 
nutrient pools and plant nutrient uptake depending 
on whether nutrients were applied as inorganic 
fertilizer or in organic matter (litter). Many of these 
differences can be attributed to the combined 
addition of nutrients and carbon in the litter. 
Effective retention mechanisms through microbial 
processes and plant uptake may result in an overall 
positive impact of increased nutrient input via lit- 
terfall. Whereas large amounts of inorganic nitro- 
gen inputs (for example, from atmospheric 
deposition) can cause nutrient imbalances and 
losses of nitrogen from the system, smaller nutrient 
inputs may be particularly important for replen- 
ishing pools of limiting nutrient elements. Once 
taken up by plants, atmospheric nutrient inputs are 
likely to be retained in the ecosystem through plant 
growth and recycling through litterfall. 

ACKNOWLEDGMENTS 

We wish to thank O. Hernandez, R. Gonzalez, F. 
Valdez, J. Valdez, G. Perez, F. Zeugin, D. Urena, A. 
Vincent, and all Cambridge student volunteers for 
help in the field. We thank L. Schreeg for infor- 
mation on phosphate sorption, A. Beckermann and 
J. Staley for statistical advice and M. Heard for 
useful comments. We are grateful to P. Vitousek 
and two anonymous reviewers for their helpful 
suggestions on improving earlier drafts of the 
manuscript. EJS was funded by a Gates Cambridge 
Scholarship, a European Union Marie-Curie Out- 
going Fellowship MOIF-CT-2005-21728, and a 
Cambridge Philosophical Society Travel Grant. EVT 
was funded by the Andrew W. Mellon Foundation, 
Gonville and Cains College Cambridge and the 
Department of Plant Sciences, Cambridge. SJW was 
funded by the Andrew W. Mellon Foundation. 
SJW, JBY and KEH were funded by a Smithsonian 
Scholarly Studies Grant. MK was funded by NSF 
Grant No. 0212386 and JSP was funded by a grant 
from the Smithsonian Tropical Research Institute. 

REFERENCES 

Adams JA. 1986. Identification of heterotrophic nitrification in 
strongly acid larch humus. Soil Biol Biochem 18:324-39. 

Aerts R, Chapin FS. 2000. The mineral nutrition of wild plants 
revisited: a re-evaluation of processes and patterns. Adv Ecol 
Res 30:1-67. 



Nutrient Status in Lowland Tropical Forest 399 

Attiwill PM, Adams MA. 1993. Nutrient cycling in forests. New 
Phytol 124:561-82. 

Beedlow PA, Tingey DT, Phillips DL, Hogsett WE, Olszyk DM. 
2004. Rising atmospheric C02 and carbon sequestration in 
forests. Front Ecol Environ 2:315-22. 

Bloom AJ, Chapin FS, Mooney HA. 1985. Resource limitation in 
plants—an economic analogy. Ann Rev Ecol Syst 16:363-92. 

Cavallaro N, McBride MB. 1984. Zinc and copper sorption and 
fixation by an acid soil clay: effect of selective dissolutions. 
Soil Sci Soc Am J 48:1050-4. 

Cavelier J. 1992. Fine-root biomass and soil properties in a 
semideciduous and a lower montane rain forest in Panama. 
Plant Soil 142:187-201. 

Chang S-C, Wang C-P, Feng C-M, Rees R, Hell U, Matzner E. 
2007. Soil fluxes of mineral elements and dissolved organic 
matter following manipulation of leaf litter input in a Taiwan 
Chamaecyparis forest. For Ecol Manag 242:133-41. 

Clark DA, Brown S, Kicklighter 0, Chambers J, Thomlinson JR, 
Jian Ni, Holland EA. 2001. NPP in tropical forests: an evalu- 
ation and synthesis of existing field data. Ecol Appl 11:371-84. 

Corre MO, Veldkamp E, Arnold J, Wright SJ. 2010. Impact of 
elevated N input on soil N cycling and losses in old-growth 
lowland and montane forests in Panama. Ecology 91:1715-29. 

Davidson EA, Howarth RW. 2007. Nutrients in synergy. Nature 
449:1000-1. 

Elser JJ, Bracken MES, Cleland EE, Gruner OS, Harpole WS, 
Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE. 
2007. Global analysis of nitrogen and phosphorus limitation of 
primary producers in freshwater, marine, and terrestrial eco- 
systems. Ecol Lett 10:1135-42. 

Field CB, Chapin FS, Matson PA, Mooney HA. 1992. Responses 
of terrestrial ecosystems to the changing atmosphere—a re- 
source-based approach. Ann Rev Ecol Syst 23:201-35. 

Focht 00, Verstraete W. 1977. Biochemical ecology of nitrifi- 
cation and denitrification. Adv Microb Ecol 1:135-214. 

Fontaine S, Bardoux G, Abbadie L, Mariotti A. 2004. Carbon 
input to soil may decrease soil carbon content. Ecol Lett 7: 
314-20. 

Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howarth 
RW, Seitzinger SP, Asner GP, Cleveland CC, Green PA, Hol- 
land EA, Karl DM, Michaels AF, Porter JF, Townsend AR, 
Vorosmarty CJ. 2004. Nitrogen cycles: past, present, and fu- 
ture. Biogeochemistry 70:153-226. 

Gosz JR, Likens GE, Bormann FH. 1976. Organic matter and 
nutrient dynamics of the forest and forest floor in the Hubbard 
Brook Forest. Oecologia 22:305-20. 

Grubb PJ. 1989. The role of mineral nutrients in the tropics: a 
plant ecologist's view. In: Proctor J, Ed. Mineral nutrients in 
tropical forest and savanna ecosystems. Oxford: Blackwell. p 
417-39. 

Gusewell S. 2004. N:P ratios in terrestrial plants: variation and 
functional significance. New Phytol 162:243-66. 

Hall SJ, Matson PA. 2003. Nutrient status of tropical rain forests 
influences soil N dynamics after N additions. Ecol Monogr 73: 
107-29. 

Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET, 
Bracken ME, Elser JJ, Gruner DS, Hillebrand H, Shurin JB, 
Smith JE. 2011. Nutrient co-limitation of primary producer 
communities. Ecol Lett 14:852-62. 

Herrera R, Merida T, Stark NM, Jordan CF. 1978. Direct phos- 
phorus transfer from leaf litter to roots. Naturwissenschaften 
65:208-9. 

Hietz P, Turner BL, Wanek W, Richter A, Nock CA, Wright SJ. 
2011. Long-term change in the nitrogen cycle of tropical 
forests. Science 334:664-6. 

Hobble SE, Vitousek PM. 2000. Nutrient limitation of decom- 
position in Hawaiian forests. Ecology 81:1867-77. 

IngestadT. 1974. Towards optimum fertilization. Ambio 3:49-54. 

Kaspari M, Garcia MN, Harms KE, Santana M, Wright SJ, Yavitt 
JB. 2008. Multiple nutrients limit litterfall and decomposition 
in a tropical forest. Ecol Lett 11:35-43. 

Koehler B, Corre MO, Veldkamp E, Wullaert H, Wright SJ. 2009. 
Immediate and long-term nitrogen oxide emissions from 
tropical forest soils exposed to elevated nitrogen input. Glob 
Change Biol 15:2049-66. 

LeBauer DS, Treseder KK. 2008. Nitrogen limitation of net pri- 
mary productivity in terrestrial ecosystems is globally distrib- 
uted. Ecology 89:371-9. 

Leigh EG. 1999. Tropical forest ecology. Oxford: Oxford Uni- 
versity Press, p 245. 

Likens GE, Driscoll CT, Buso DC, Siccama TG, Johnson CE, Ryan 
OF, Lovett GM, Fahey T, Reiners WA. 1994. The biogeo- 
chemistry of potassium at Hubbard Brook. Biogeochemistry 
25:61-125. 

Liu L, King JS, Booker EL, Giardina CP, Allen HL, Hu S. 2009. 
Enhanced litter input rather than changes in litter chemistry 
drive soil carbon and nitrogen cycles under elevated C02: a 
microcosm study. Glob Change Biol 15:441-53. 

Lodge DJ, McDowell WH, McSwiney CP. 1994. The importance 
of nutrient pulses in tropical forests. Trends Ecol Evol 9:384—7. 

Lodge DJ, McDowell WH, Macy J, Ward SK, Leisso R, Claudio- 
Campos K, Kiihnert K. 2008. Distribution and role of mat- 
forming saprobic basidiomycetes in a tropical forest. In: Boddy 
L, Frankland JC, van West P, Eds. Ecology of saprotrophic 
basidiomycetes. London: Academic Press, p 197-209. 

Loladze I. 2002. Rising atmospheric C02 and human nutrition: 
toward globally imbalanced plant stoichiometry? Trends Ecol 
Evol 17:457-61. 

Manzoni S, Trofymow JA, Jackson RB, Porporato A. 2010. 
Stoichiometric controls on dynamics of carbon, nitrogen, and 
phosphorus in decomposing litter. Ecol Monogr 80:89-106. 

Marschner H. 1993. Zinc uptake from soils. In: Robson AD, Ed. 
Zinc in soils and plants. Dordrecht: Kluwer. p 59-77. 

Norby RJ, Cotrufo MF, Ineson P, O'Neill EG, Canadell JG. 2001. 
Elevated C02, litter chemistry, and decomposition: a synthe- 
sis. Oecologia 127:153-65. 

Okin GS, Mahowald N, Chadwick OA, Artaxo P. 2004. Impact of 
desert dust on the biogeochemistry of phosphorus in terres- 
trial ecosystems. Global Biogeochem Cycles 18:GB2005. 
doi:10.1029/2003GB002145. 

Oren R, Ellsworth DS, Johnsen KH, Phillips N, Ewers BE, Maier 
C, Schafer KVR, McCarthy H, Hendrey G, McNulty SG, Katul 
GG. 2001. Soil fertility limits carbon sequestration by forest 
ecosystems in a C02-enriched atmosphere. Nature 411:469- 
72. 

Ostertag R. 2010. Foliar nitrogen and phosphorus accumulation 
responses after fertilization: an example from nutrient-limited 
Hawaiian forests. Plant Soil 334:85-98. 

Ostertag R, Hobble SE. 1999. Early stages of root and leaf 
decomposition in Hawaiian forests: effects of nutrient avail- 
ability. Oecologia 121:564-73. 

Paoli GO, Curran LM, Zak DR. 2005. Phosphorus efficiency of 
Bornean rain forest productivity: evidence against the uni- 
modal efficiency hypothesis. Ecology 86:1548-61. 



400 E. J. Sayer and others 

Parker GG. 1983. Throughfall and stemflow in the forest nutri- 
ent cycle. Adv Ecol Res 13:57-133. 

Pedersen H, Dunkin KA, Firestone MK. 1999. The relative 
importance of autotrophic and heterotrophic nitrification in a 
conifer forest soil as measured by 15N tracer and pool dilution 
techniques. Biogeochemistry 44:125-50. 

Phoenix GK, Hicks WK, Cinderby S, Kuylenstierna JCI, Stock 
WD, Dentener FJ, Giller KE, Austin AT, Lefroy RDB, Gimeno 
BS, Ashmore MR, Ineson P. 2006. Atmospheric nitrogen 
deposition in world biodiversity hotspots: the need for a 
greater global perspective in assessing N deposition impacts. 
Glob Change Biol 12:470-6. 

Pinheiro JC, Bates DM. 2000. Mixed-effects models in S and S- 
PLUS. New York (NY): Springer. 

Quails RG, Elaines BL, Swank WT. 1991. Fluxes of dissolved 
organic nutrients and humic substances in a deciduous forest. 
Ecology 72:254-66. 

R Development Core Team. 2010. R: a language and environ- 
ment for statistical computing. Vienna: R Foundation for 
Statistical Computing. 

Reddy KJ, Wang L, Gloss SP. 1995. Solubility and mobility of 
copper, zinc and lead in acidic environments. Plant Soil 
171:53-8. 

Robertson GP, Vitousek PM. 1981. Nitrification potentials in 
primary and secondary succession. Ecology 62:376-86. 

Sanchez PA. 1976. Properties and management of soils in the 
tropics. New York: Wiley, p 630. 

Sayer EJ. 2006. Using experimental litter manipulation to assess 
the roles of leaf litter in the functioning of forest ecosystems. 
Biol Rev 81:1-31. 

Sayer EJ, Tanner EVJ. 2010. Experimental investigation of the 
importance of litterfall in lowland semi-evergreen tropical 
forest nutrient cycling. J Ecol 98:1052-62. 

Sayer EJ, Tanner EVJ, Cheesman AW. 2006a. Increased litterfall 
changes fine root distribution in a moist tropical forest. Plant 
Soil 281:5-13. 

Sayer EJ, Tanner EVJ, Lacey AL. 2006b. Litter quantity affects 
early-stage decomposition and meso-arthropod abundance in 
a moist tropical forest. For Ecol Manag 229:285-93. 

Sayer EJ, Powers JS, Tanner EVJ. 2007. Increased litterfall in 
tropical forests boosts the transfer of soil C02 to the atmo- 
sphere. PLoS ONE el299, doi: 10.1371/journal.pone.0001299. 

Sayer EJ, Heard MS, Grant HK, Matthews TR, Tanner EVJ. 2011. 
Soil carbon release enhanced by increased tropical forest lit- 
terfall. Nature Clim Change 1:304-7. 

Schimel JP, Firestone MK, Killham KS. 1984. Identification of 
heterotrophic nitrification in a Sierran forest soil. Appl Envi- 
ron Microbiol 48:802-6. 

Sinsabaugh RL, Lauber CL, Weintraub MN, Ahmed B, Allison 
SO, Crenshaw C, Contests AR, Cusack 0, Frey S, Gallo ME, 
Gartner TB, Hobble SE, Holland K, Keeler BL, Powers JS, 
Stursova M, Takacs-Vesbach C, Waldrop MP, Wallenstein MD, 
Zak DR, Zeglin LH. 2008. Stoichiometry of soil enzyme 
activity at global scale. Ecol Lett 11:1252-64. 

Stark NM, Jordan CF. 1978. Nutrient retention by the root mat 
of an Amazonian rain forest. Ecology 59:434-7. 

Tobon C, Sevink J, Verstraten JM. 2004. Litterflow chemistry 
and nutrient uptake from the forest floor in northwest Ama- 
zonian forest ecosystems. Biogeochemistry 69:315-39. 

Townsend AR, Cleveland CC, Asner GP, Bustamante MMC. 
2007. Controls over foliar N:P ratios in tropical rain forests. 
Ecology 88:107-18. 

Townsend AR, Asner GP, Cleveland CC. 2008. The biogeo- 
chemical heterogeneity of tropical forests. Trends Ecol Evol 23: 
424-31. 

Townsend AR, Cleveland CC, Houlton BZ. 2011. Multi-element 
regulation of the tropical forest carbon cycle. Front Ecol 
Environ 9:9-17. 

Tripler CE, Causal SS, Likens GE, Walter MT. 2006. Patterns in 
potassium dynamics in forest ecosystems. Ecol Lett 9:451-66. 

Turner BL, Engelbrecht BMJ. 2011. Soil organic phosphorus in 
lowland tropical rain forests. Biogeochemistry 103:297-315. 

Tyler G. 2005. Changes in the concentrations of major, minor 
and rare-earth elements during leaf senescence and decom- 
position in a Fagus sylvatica forest. For Ecol Manag 206:167- 
77. 

Vasconcelos SS, Zarin DJ, Machado Araujo M, Rangel-Va- 
sconcelos LGT, Reis de Carvalho CJ, Staudhammer CL, Oli- 
veira FA. 2008. Effects of seasonally, litter removal and dry- 
season irrigation on litterfall quantity and quality in eastern 
Amazonian forest regrowth, Brazil. J Trop Ecol 24:27-38. 

Vincent AG, Turner BL, Tanner EVJ. 2010. Soil organic phos- 
phorus dynamics following perturbation of litter cycling in a 
tropical moist forest. Fur J Soil Sci 61:48-57. 

Vitousek PM. 1982. Nutrient cycling and nutrient use efficiency. 
Am Nat 119:553-72. 

Vitousek PM. 1984. Litterfall, nutrient cycling and nutrient 
limitation in tropical forests. Ecology 65:285-98. 

Vitousek PM, Sanford RL. 1986. Nutrient cycling in moist trop- 
ical forest. Ann Rev Ecol Syst 17:137-67. 

Vitousek PM, Aber JO, Howarth RW, Likens GE, Matson PA, 
Schindler DW, Schlesinger WH, Tilman 0. 1997. Human 
alteration of the global nitrogen cycle: sources and conse- 
quences. Ecol Appl 7:737-50. 

Vitousek PM, Porder S, Houlton BZ, Chadwick OA. 2010. Ter- 
restrial phosphorus limitation: mechanisms, implications, and 
nitrogen-phosphorus interactions. Ecol Appl 20:5-15. 

Walker TW, Syers JK. 1976. The fate of phosphorus during 
pedogenesis. Geoderma 15:1-19. 

Witkamp M. 1971. Soils as components of ecosystems. Ann Rev 
Ecol Syst 2:85-110. 

Wood TE, Lawrence D, Clark DA, Chazdon RL. 2009. Rain forest 
nutrient cycling and productivity in response to large-scale 
litter manipulation. Ecology 90:109-21. 

Wright SJ, Yavitt JB, Wurzburger N, Turner BL, Tanner EVJ, 
Sayer EJ, Santiago LS, Kaspari M, Hedin LO, Harms KE, 
Garcia MN, Corre MD. 2011. Potassium, phosphorus or 
nitrogen limit root allocation, tree growth and litter produc- 
tion in a lowland tropical forest. Ecology 92:1616-25. 

Wullaert H, Homeier J, Valarezo C, Wilcke W. 2010. Response of 
the N and P cycles of an old-growth montane forest in 
Ecuador to experimental low-level N and P amendments. For 
Ecol Manag 260:1434-45. 

Yavitt JB, Wieder RK. 1988. Nitrogen, phosphorus and sulfur 
properties of some forest soils on Barro Colorado Island, 
Panama. Biotropica 20:2-10. 

Yavitt JB, Harms KE, Garcia MN, Wright SJ, He F, Jason MJ. 
2009. Spatial heterogeneity of soil chemical properties in a 
lowland tropical moist forest, Panama. Aust J Soil Res 47:674- 
87. 

Yavitt JB, Harms KE, Garcia MN, Mirabello MJ, Wright SJ. 2011. 
Soil fertility and fine root dynamics in response to 4 years of 
nutrient (N, P, K) fertilization in a lowland tropical moist 
forest, Panama. Austral Ecol 36:433-45. 


