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Abstract. By assessing current leaf litter nutrient dynamics, we may be able to predict responses of
nutrient cycling in tropical ecosystems to future environmental change. The goal of this study was
to assess whether nutrient cycling is related to seasonal variation in rainfall in a wet tropical forest.
We examined leaf litter of an old-growth tropical rain forest in N.E. Costa Rica over a 4-year
period to explore seasonal and inter-annual changes in leaf litter nutrient concentrations, and to
evaluate potential short- and long-term drivers of variation in litter nutrient concentration, par-
ticularly that of phosphorus (P) and nitrogen (N). We also examined the temporal dynamics of
calcium, potassium, and magnesium in the leaf litter. Leaf litter [P] and %N changed significantly
with time, both seasonally and inter-annually. Seasonal changes in leaf litter [P] were strongly
positively correlated with rainfall from the previous 2 weeks; cations, however, were inversely
related to this measure of current rainfall, while %N was not related to rainfall. We propose that
the positive relationship between current rainfall and leaf litter [P] is due to a response by the
vegetation to an increase in nutrient availability and uptake. In contrast, given the negative rela-
tionship between current rainfall and cation concentrations, leaching from live leaf tissue is a more
likely driver of short-term changes in cations. Should global climate change include altered rainfall
patterns in this biome, one class of ecosystem-level responses could be significant changes in P and
cation cycling.

Introduction

Traditionally, tropical rain forests were frequently viewed as static communi-
ties that function under optimal climatic conditions (ample moisture, consis-
tently warm temperatures). More recently, however, the dynamism and
temporal variability of processes in these forests have been recognized (cf.,
Tian et al. 1998; Clark et al. 2003). The goal of our research was to (1) evaluate
seasonal and inter-annual patterns of leaf litter nutrient cycling in a wet
tropical forest, (2) determine whether variation of leaf litter nutrient concen-
trations is related to climatic and environmental variables, and (3) generate
hypotheses concerning the possible mechanisms driving this variation.

Most litterfall studies in tropical forests have demonstrated a strong sea-
sonality of leaf litterfall, with the peak at the end of the dry (/drier) season
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(Hopkins 1966; Klinge and Rodrigues 1968; Haines and Foster 1977; Kunkel-
Westphal and Kunkel 1979; Herbohn and Congdon 1993; Swamy and Proctor
1994; Wieder and Wright 1995; Lawrence and Foster 2002). Following such a
seasonal peak in litterfall, there can be a pulse of increased soil nutrient
availability at the beginning of the rainy season (Lodge et al. 1994; Campo
et al. 1998; McGrath et al. 2000). This pulse can lead to high nutrient con-
centrations in live leaf tissue, often coinciding with the peak-growing season
(Cuevas and Medina 1986; Palma et al. 2000; Son et al. 2000; Salifu and
Timmer 2001). Despite evidence indicating the influence of seasonality on
patterns of nutrient cycling, the seasonality of leaf litter nutrient concentrations
has not been well characterized for tropical rain forests (Cuevas and Medina
1986; Scott et al. 1993). This gap in knowledge limits our understanding of
overall nutrient cycling in such forests due to the possibility that the soil
nutrient supply is not constant (Lodge et al. 1994; Campo et al. 2001). Given
the low apparent intra-year variability in mean temperature and solar radiation
in tropical wet forests, seasonal changes in leaf litter nutrient concentrations
could serve as a constraint on net primary productivity. Because N and P are
the nutrients most likely to limit primary productivity in tropical forests
(Vitousek 1984), we used the N:P ratio to evaluate seasonal changes in N and P
limitation. Prior research has shown that foliar N:P > 16 are P limited sys-
tems, while foliar N:P of 14-16 are co-limited by N and P (Koerselman and
Meuleman 1996; Aerts and Chapin 2000). Although these limits were devel-
oped for wetland vegetation, more recent work suggests that the critical values
are relevant for forests as well (Tessier and Raynal 2003; Richardson et al.
2004; Knecht and Goransson 2004).

Tropical forests can also experience significant inter-annual climatic vari-
ability. Clark et al. (2003) suggest that Costa Rican tropical rain forest tree
species are highly sensitive to climate, resulting in significant variation in
canopy tree growth from year to year. Other studies have shown that tropical
dry and wet forest trees show increased tree mortality during exceptionally hot
and/or dry years (Murphy and Lugo 1986; Condit et al. 2000; Clark 2004).
Phenological patterns of tropical species are also influenced by climatic vari-
ability, with major reproductive events occurring irregularly or supra-annually
in some tropical regions (Stocker et al. 1995; Curran et al. 1999; Wright et al.
1999; Wich and Van Schaik 2000). Although ample evidence indicates the
importance of inter-annual climatic variability in tropical ecosystems, studies
of leaf litter nutrient cycling in tropical rain forests extending beyond a single
year are rare (see Herbohn and Congdon 1998 (moist); Cuevas and Medina
1986 (wet); Newbery et al. 1997 (wet)). The lack of long-term litterfall nutrient
measurements spanning the strong inter-annual climatic variability seen by
tropical rain forests limits our understanding of these systems (Murphy and
Lugo 1986; Martinez-Yrizar and Sarukhan 1990).

Neither the timing of phenological events in tropical forests nor the sea-
sonality of leaf litter nutrient concentrations have been attributed to a single
environmental factor (Murphy and Lugo 1986; Herbohn and Congdon 1998).
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A variety of mechanisms have been proposed to explain short-term
(04 weeks) variation in leaf litter nutrient concentrations. One potential
mechanism includes the impact of rainfall on nutrient availability and plant
uptake (Escudero et al. 1992; Salisbury and Ross 1992; McGrath et al. 2000).
Soil moisture affects nutrient diffusion through the soil to roots. With higher
rainfall, effective soil nutrient availability could increase, leading to high live
tissue concentrations. Root growth and uptake are limited by soil moisture, so
if nutrient-rich surface soils dry out during the dry season (Cuevas 1995;
Holbrook et al. 1995), leaf nutrient concentrations could also decline. Thus,
during periods of high rainfall, leaf litter nutrient concentration could be
higher than in drier periods.

A relationship between high precipitation and high leaf litter nutrient con-
centrations could also be the consequence of an increase in green leaf (live)
litterfall (Cuevas and Lugo 1998). Often, strong precipitation events bring high
winds. High winds could mechanically remove nutrient-rich green leaf tissue. A
positive relationship between precipitation and leaf litter nutrient concentra-
tion would then result; however, this relationship would be independent of
potential changes in soil nutrient availability (Lodge et al. 1991; Veneklaas
1991; Cuevas and Lugo 1998). Another mechanism through which precipita-
tion could influence leaf litter nutrient concentrations is through the leaching of
nutrients from live tissue (Epstein 1972; Marschner 1995; Killingbeck 1996;
Aerts and Chapin 2000; Chuyong et al. 2000). Most tropical tree species have
evolved leaf structures (e.g. smooth surface) to counteract this loss (Dean and
Smith 1978). However, leaching might still be an important influence on sea-
sonal patterns of leaf litter nutrients. In contrast with the high soil moisture-
high soil nutrient availability-high litter nutrients hypothesis, leaching from live
leaves would result in lower nutrient concentrations in leaf litter during high
rainfall periods. In addition to increasing the nutrient loss from live tissue, high
rainfall could also lead to increased rates of soluble nutrient loss from the soil
as well as a decrease in decomposition rates and mineralization due to lower
oxygen concentrations (Aerts and Chapin 2000; Schuur and Matson 2001).
Lower soil nutrient availability during periods of heavy rain could lead to
decreased nutrient concentrations in foliar tissue. Thus, as with leaching from
live foliage, leaching from the soil would lead to lower leaf litter nutrient
concentrations.

Short-term variation in leaf litter nutrients could also be influenced by
source—sink interactions. As new plant tissue is produced, greater translocation
of mobile nutrients from old tissue (source) to new (sink) occurs (Nambiar and
Fife 1991; Newbery et al. 1997). Therefore, if senescing leaves are a good
source of mobile nutrients, lower leaf litter nutrient concentrations could occur
when fruit production is high, when trees are flushing new leaves, or at times of
peak production of either wood or roots.

In addition to short-term variation in leaf litter nutrient concentrations, we
also expected to see significant inter-annual variation. Our study period
(October 1997-April 2001) included the latter portion of the 1997-1998 El
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Nifio event. In N.E. Costa Rica, El Niflo years intensify the seasonality of
precipitation (a wetter wet season followed by a drier dry season) (Waylen et al.
1996). In this region, a particularly strong ENSO could result in significant
moisture stress during the drier season months. For example, the longest re-
corded period with total precipitation not exceeding 5 mm at La Selva Bio-
logical Station, Costa Rica was in March and April of the 1983 ENSO year
(30 days; Sanford et al. 1994). This short-term drought resulted in a 40%
reduction in total soil moisture content in the upper 70 cm of soil (Luvall 1984;
Parker 1985; in Sanford et al. 1994)). In March—April 2000 there was another
such block of 30 consecutive days with < 5 mm rain (Figure 1). Because
tropical wet forests infrequently experience any significant soil drying, water
stress could lead to premature senescence of leaves (Wright and Cornejo 1990;
del Arco et al. 1991; Wieder and Wright 1995; Sizer et al. 2000). Premature
senescence may result in incomplete nutrient resorption and thus higher
nutrient concentrations in leaf litterfall when precipitation values are low. This
effect should be enhanced in lower-fertility sites where the plants may be more
susceptible to water stress due to a lower ability to maintain osmotic pressure
in the leaves (Cuevas and Medina 1986; Murphy and Lugo 1986).

For secondary forests in our study area, leaf litterfall was negatively corre-
lated with the amount of precipitation during the 2-week collection period
(D. Lawrence unpublished data). This short-term link between precipitation
and leaf litter production, if paralleled in the old-growth forest that is the
subject of this study, could play an important role in the longer-term season-
ality of leaf litter nutrient concentrations through the subsequent release of
nutrients during decomposition. Hence, increases in leaf litterfall in response to
periods of low rainfall could have a positive influence on subsequent leaf litter
nutrient concentrations, and the time lag would depend on the rate at which
litter nutrients become incorporated into the soil and available to the plants.
The turnover time of the forest floor for this area is 19—24 weeks (Gessel et al.
1980; T.E. Wood and D. Lawrence unpublished data). Thus, we expected that
the lag time for the influence of precipitation-linked changes in leaf litter
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Figure 1. Monthly rainfall (mm) over the 4-year sample period (October 1997-April 2001). 1997—
1998 was a strong El Nino year for the region. Dry season months are February—April (OTS
unpublished meteorological records).
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production would be no greater than 20 weeks. In addition, because nutrients
tend to be immobilized during the initial stages of decomposition (Ewel 1976),
we set a lower bound of 12 weeks for the influence of prior precipitation and
leaf litterfall on leaf litter nutrient concentrations.

To summarize, we explored short-term variability in leaf litter nutrients that
might be due to positive effects of rainfall on soil nutrient availability, plant
uptake and live leaf losses, negative effects of rainfall on leaching and nutrient
mineralization, or rainfall-neutral effects of source-sink interactions. We also
explored the hypothesis that long-term variability is influenced by positive
feedbacks from decomposition following heavy litterfall. The patterns we find
will mark a first step towards assessing possible drivers of leaf litter nutrient
variation.

Methods
Study region

The study occurred in old growth, tropical lowland forest at La Selva Bio-
logical Research Station in Costa Rica (10°26'N, 84°00°W; Organization for
Tropical Studies [OTS]). Mean annual rainfall is 4200 mm, with no month
averaging less than 150 mm. The monthly mean temperature for our study
period (1997/1998-2000/2001) was 26 °C, with a mean difference of approxi-
mately 9 °C between maximum and minimum daily temperatures (OTS
unpublished meteorological records). The study region is Tropical Wet Forest
under the Holdridge Life Zone System (Holdridge 1947). The landscape is of
volcanic origin, and the topography varies from flat, alluvial terraces to
moderate hills (Sollins et al. 1994). The drier season lasts from late January
through April, with a less pronounced and short-term decrease in rainfall also
occurring during September or October (‘veranillo’) (OTS unpublished mete-
orological records).

The forest is evergreen, but a few of the emergent tree species are annually or
sporadically deciduous. The most common tree species, Pentaclethra macro-
loba, accounts for 34% of the basal area and 13% of stems (Lieberman et al.
1996; Clark and Clark 2000). Tree species differ in the timing and synchronicity
of leaf flushing and leaf fall. Forest-level peak litterfall occurs during the latter
part of the drier season (Frankie et al. 1974; D.A. Clark unpublished data).

Leaf litter collection and nutrient analysis

Eighteen 0.50-ha plots were established by the CARBONO Project at La Selva
(cf. Clark and Clark 2000) in the three major old-growth edaphic conditions
(inceptisol terrace, ultisol plateau, ultisol on steep slope; Figure 2). The La
Selva GIS was used to site the plots in an unbiased, replicated design to sample
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Figure 2. Map of study region and plots at La Selva Biological Station, Costa Rica. The 18
0.50 ha plots were stratified across the three main soil types: inceptisol terraces, ultisol hilltops and
ultisol slopes (Clark and Clark 2000; map prepared by A. Trabucco).

the three edaphic types. Within each plot, leaf litterfall was collected from nine
0.25 m? litterfall traps every 2 weeks beginning in September 1997 (Figure 2).
Samples were bulked by plot, then sorted by litter material (leaves, repro-
ductive material, wood <1 cm in diameter), and dried at 65 °C to constant
mass. The leaf material is then run through a Wiley Mill to pass through a
I mm mesh screen.

To determine %N and [P] of the leaf litter, we performed a modified Kjel-
dahl digestion on a Tecator 2000 Digestion System (Perstorp Analytical;
Sweden). This method uses 30% hydrogen peroxide and concentrated sulfuric
acid at 360 °C to hydrolyze organic N and P to an inorganic form. Digested
samples were kept refrigerated until further analysis. The matrix was analyzed
colorometrically on an Alpkem Flow Solution IV Auto analyzer (Ol Analyt-
ical; College Station, Texas, USA) in accordance with the US EPA method for
total P and total Kjehldal N determination.

Leaf litter calcium (Ca), magnesium (Mg), and potassium (K) were analyzed
at the Cornell Nutrient Analysis Laboratory (CNAL) using an HNO3/H»,0,
block digestion at 150 °C. The samples were then re-dissolved in 50 ml of 10%
nitric acid for analysis using Spectro CIROS CCDE Inductively Coupled
Argon Emission Plasma Spectrometry (ICP).
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Seasonal and inter-annual variability

We analyzed seasonal changes in leaf [P], %N and N:P. Month-to-month
variation was analyzed by repeated measures analysis of variance (RANOVA)
on one leaf litter sample every 4 weeks collected from three inceptisol and three
ultisol plots over the 2-year period October 1997-September 1999 (fine reso-
lution; 48 dates; 288 samples). The degree of P versus N limitation was
determined using the N:P ratio (Koerselman and Meuleman 1996; Aerts and
Chapin 2000; Knecht and Goransson 2004).

Inter-annual variability in leaf litter [P], %N, [Ca], [K], and [Mg] were
evaluated using a longer, 4-year data set. Samples from the peak, minimum
and midseason litterfall periods spanning October 1997 through April 2001
were used. For P and N, data include samples from all 18 CARBONO plots
(coarse resolution; 11 dates; 198 samples); for cations, data from 12 plots were
used (4 ultisol slopes, 4 ultisol plateaus, 4 inceptisols; 11 dates; 132 samples).
Changes in leaf litter nutrient concentrations over the 4-year period were
determined using a two-way ANOVA by year and by soil type. We followed up
with a two-factor ANOVA within each soil type (by plot and by year) to
determine when inter-annual differences occurred when the Tukey—Duncan
post hoc test was not significant. All ANOVAs were performed using SAS
System for Windows V8 (1999-2001; SAS Institute Inc.).

Regressions with leaf litter nutrient concentration: short-term

Using univariate regression, we related local precipitation and wind data to leaf
litter [P], %N, [K], [Ca], and [Mg]. Time lags of 0 and 2 weeks were used to
examine whether precipitation directly influenced leaf litter nutrients, with
precipitation summed over the 2-week collection period or over the 2 weeks
immediately prior to the collection period. Hourly and maximum wind speeds
averaged over the entire 2-week collection period were also related to leaf litter
nutrient concentrations.

Regressions with leaf litter nutrient concentration: long-term

To determine the relationship between long-term precipitation patterns and
litter [P] and %N caused by precipitation-linked changes in litter production,
time lag regressions were performed between litter nutrients and precipitation
12, 14, 16, 18 and 20 weeks prior. Due to the number of comparisons, an «
value of 0.0125 was used for all of the long-term precipitation analyses with
multiple comparisons (Bonferonni Correction: [0.05/n—1]). All regressions
were conducted using SigmaPlot (2001; SPSS Inc.).

To determine the direct source-sink relationship between litter production
and litter [P] and %N, time-lag regressions were performed using contempo-
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raneous leaf litter production data for all 18 CARBONO plots (2 week col-
lection period; D.A. Clark unpublished data). Leaf litter production was
averaged across soil type in order to minimize factors that might lead to var-
iation in time lags such as differences in decomposition rates and the timing of
soil nutrient availability.

We used fruit/flower litter production data to test the source—sink interaction
hypothesis. Fruits and flowers collected in the litter traps (indicative of pre-
vious fruit and flower production) were used for these analyses because data on
actual fruit and flower production were unavailable. We compared leaf litter
nutrient levels with the mass of fruit/flower litter at the same time, and 6, 8, 10,
and 12 weeks into the future. Positive lags were used because we assumed that
the nutrient demands of fruit and flower production were provided by trans-
location of nutrients from litter falling during formation and maturation.

To examine the hypothesis that high leaf litter production feeds back posi-
tively on future leaf litter nutrient concentrations, we compared leaf litter [P]
with litter mass from 12, 14, 16, 18 and 20 weeks prior. Leaf litter production
was averaged for each site for each of the 2-week collection periods compared.
Values were averaged by soil type in order to minimize factors that might lead
to variation in time lags such as differences in decomposition rates and the
timing of soil nutrient availability.

Results
Seasonal patterns and inter-annual variability

Leaf litter [P] changed significantly with time over the 2-year monthly sample
period (RANOVA, time effect, p=0.047, F=1.60, df=27). In both years, leaf
litter [P] reached a maximum during the rainy season 3—5 mo following peak
litterfall (June—August/weeks 40—48; peak litterfall = March—April/weeks 24—
28; Figure 3a). The maximum [P] for inceptisols was 1.42 mg/g and the max-
imum for ultisol plateaus was 0.96 mg/g. There was no discernable seasonal
pattern for the occurrence of leaf litter P minima (Figure 3a).

Leaf litter %N also changed significantly with time over the 2-year monthly
sample period (RANOVA, time effect, p<0.0001, F=4.07, df=23). A dis-
tinctive peak in %N occurred during the ENSO year (1997-1998) for both
inceptisols (2.8%; March/week 24) and ultisols (3.9%; February/week 20). The
lowest %N values occurred in the subsequent study year (inceptisols: 1.6%,
November/week 8 [year2]; ultisols: 1.4%, July/week 44 [year2]; Figure 3b).
Whereas %N in the ultisols decreased during the wet season months of both
years (July/week 44 for both years), the inceptisols showed a wet season decline
in the ENSO year only (July/week 40; Figure 3b). The N:P ratio followed a
very similar pattern to that of %N (Figure 3c). The ratio changed significantly
with time (RANOVA; time effect, p <0.0001, F=4.62, df =23) and the maxima
and minima of N:P occurred on the same dates as those for %N. An
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Figure 3. Seasonal trends of (a) Leaf litter [P], (b) %N, (c) N:P over a 2-year period by soil type
and (d) seasonal N:P for the ENSO year with ultisol values shifted 4 weeks forward. Mean-
s £ IS.E. for three inceptisol plots and three ultisol plots for each 4 week sample. All six plots
varied significantly with time.

asynchrony in the N:P ratio occurred between the inceptisols and ultisols in the
ENSO year. While the pattern of change is similar between the two soil types,
the ultisols responded 4 weeks earlier than the inceptisols (Figure 3c, d).

The 4-year coarse-resolution data (18 sites; 3 dates/year X 4 years) revealed
significant differences in leaf litter [P] among years (Table 1; two-way ANOVA,
time effect p=0.0373; F=2.879, df=3) and among the three edaphic condi-
tions. Leaf litter [P] for ultisols declined in 1999-2000 and then recovered in
2000-2001 (Table 1; Tukey—Duncan). Although the decrease in 19992000 was
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not significant for inceptisols, the trend was the same. Leaf litter %N decreased
over the first three study years and leveled out in the third and fourth study
years. Across all soil types, leaf-litter [K] and [Mg] significantly increased in
year three (Table 1; two-way ANOVA; time effect p=0.001, F=5.733, df=3
(K), p=0.0278, F=3.144, df =3 (Mg)). Both [K] and [Mg] were no different in
the fourth sample year from their values prior to the increase (Table 1). Cal-
cium concentrations did not differ between years (Table 1; two-way ANOVA,
p=0.563; F=0.685, df =3).

Regressions of leaf litter nutrient concentration

Over the 4-year time frame, leaf litter [P] and current precipitation were posi-
tively related in all three edaphic types (Figure 4a—c; R*=0.67,n=11, p=0.0038
(inceptisol); R*=0.773, n=11, p=0.0008 (ultisol plateau); R*=0.51, n=11,
p=0.0135 (ultisol slope)). For both the inceptisol and ultisol plateau, a single
outlier was removed from the regression (Figure 4b, c; open circles). Outliers
were determined using the DFITTS statistic. (Sigma Plot 2001). Both outliers
occurred in October of the 1997-1998 El Nino year. This period was unusually
wet for the ‘veranillo’ season. Approximately 370—580 mm more rain fell from
August—October 1997 than in the subsequent three study years; hence this date

Table 1. Mean annual leaf litter nutrient concentrations by soil type for the 4 study years (3 dates/
year X 6 sites/soil type)

1997-1998 1998-1999 1999-2000 2000-2001

N (%) a b c c

inceptisol 2.34 + 0.06 1.94 + 0.05 1.63 + 0.06 1.48 + 0.03
ultisol plateu 2.05 + 0.07 1.72 £ 0.07 1.35 + 0.04 1.41 £+ 0.09
utisol slope 2.01 £ 0.16 1.77 £ 0.03 1.36 + 0.03 1.54 + 0.09
P (mggh) ab a b ab
inceptisol 0.82 + 0.03 0.89 + 0.03 0.84 + 0.04 0.81 £ 0.03
utisol plateu 0.63 £ 0.02 0.67 + 0.03 0.60 + 0.03 0.66 + 0.02
utisol slope 0.70 + 0.02 0.70 + 0.02 0.64 + 0.02 0.70 + 0.03
K (mg g™ a a b ab
inceptisol 2.82 + 0.24 3.31 £ 0.28 3.84 £ 0.68 3.33 £ 0.42
utisol plateu 1.67 + 0.03 1.77 £ 0.11 2.52 + 0.43 2.28 + 0.37
utisol slope 2.16 £ 0.18 2.16 + 0.03 2.80 + 0.32 1.85 + 0.36
Mg (mg g ") a a b ab
inceptisol 1.98 + 0.14 2.05 £ 0.04 2.13 £+ 0.15 1.95 + 0.06
utisol plateu 2.16 + 0.02 2.04 + 0.06 2.58 + 0.22 2.26 + 0.02
utisol slope 1.97 £ 0.20 1.91 £ 0.09 2.07 £ 0.18 1.92 + 0.06
Ca (mg g™ a a a a

inceptisol 8.00 + 0.68 8.2 + 0.29 8.02 £+ 0.63 7.48 £ 0.013
utisol plateu 8.06 £ 0.22 7.64 £+ 0.36 8.79 £ 0.47 8.69 £ 0.22
utisol slope 7.51 £ 0.34 6.58 £ 0.55 7.11 £ 0.17 7.02 £ 0.03

Different letters indicate significant differences among years.
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Figure 4. The effect of current rainfall on mean leaf litter [P] (a) inceptisol (R*=0.67, p=0.0038,
n=11), (b) ultisol plateau (R>=0.77, p=0.0008, n=11), (c) ultisol slope (R*=0.51, p=0.0135,
n=11). Current precipitation defined as the rain falling during the 2-week litter collection period.
The open circles in figures (b) and (c) are outliers (DFITTS statistic, SigmaPlot). Both outliers
occurred in October 1997 (EI Nifio year), which received more rainfall than is usual for this period.

was anomalous in the amount of precipitation it received (Figure 1). Neither
mean wind speed nor maximum wind speed were significantly related to leaf
litter [P]. There was no significant relationship between current rainfall and %N.

Across all soil types, [K] and [Mg] strongly declined with increased rainfall
during the 2-week collection period (Figure 5a—f). This relationship was most
pronounced for K, which decreased very rapidly to a minimum when precip-
itation exceeded 50 mm (Figure 5a—c). Calcium concentrations declined with
increased precipitation in the ultisol plots (Figure 5h).

Due to the negative relationship between leaf litter production and precipi-
tation (D. Lawrence unpublished data) and the hypothesized link between



(a) Inceptisol (b) Ultisol (c) Ultisol Slope
6000 750 3600
5 5000 3000 3000
)
= 4000
Z 2050 2400
3000
} { 1500 } } 1800 } }
2000
€
@,,, © ®
3500 2500
2500 { [}
— 2250
L0 2250 3000
E
T 2000 2500 2000
= s
1750 2000 1750
0
(® (h) @
1100 12000 9000
_ 10000 10500 8000 [
Qu {
b 9000
=4 9000 7000 [ {
< 8000
© 7500 6000
7000 { }
6000
6000 5000
0 100 200 300 0 100 200 300 0 100 200 300

Current Precipitation (mm)

Figure 5. The effect of current precipitation on leaf litter [K] ((a) inceptisol (R*=0.67, p=0.0119,
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decomposing litter, soil nutrient availability, and subsequent litter nutrient
concentrations, we expected [P] and %N to be negatively related to precipita-
tion with a long time lag. As expected, mean leaf litter [P] across soil types
declined significantly with precipitation from 16 weeks previous in the ultisols
and ultisol slopes, and from 18 weeks previous in the inceptisols (Figure 6a—).
In contrast, %N was not related to precipitation at any of the time lags tested.

Leaf litter [P] and leaf litter production 12 weeks prior showed a positive
trend for ultisol soil types (Figure 7b, c); in ultisol plateaus, the relationship
was significant. Leaf litter [P] and leaf litter production 16 weeks prior also
showed a positive relationship in inceptisols (Figure 7a). Leaf litter production
from 10 to 12 weeks prior was significantly positively related to %N for all soil
types (Figure 7d—f; inceptisols: 10 weeks, R*=0.46, p=0.031, n=10; ultisols:
12 weeks, R*=0.81, p=0.001, n=10; ultisol slopes: 10 weeks, R>=0.46,
p=0.032, n=10).

Fruit/flower litterfall was not significantly related to leaf litter [P] at any of
the time lags tested. However, %N was positively related to fruit/flower litter
mass 8 weeks later in ultisol slope sites (R*=0.66, p=0.002, n=11).
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Figure 6. The effect of prior rainfall on leaf litter [P] by soil type (average of 6 sites for a given

date). (a) inceptisols (R*=0.58, p=0.0108, n=10), (b) ultisol plateaus (R*=0.47, p=0.0287,
n=10), (c) ultisol slopes (R>=0.57, p=0.0115, n=10).

Discussion
Seasonal variation in N, P and N:P

Based on the average 2-year N:P ratio, this system is limited by P (Koerselman
and Meuleman 1996; Knecht and Goransson 2004). The N:P values for this
region are average for a tropical rain forest (26-29 versus 28 (mean); T.E.
Wood unpublished data). The N:P ratio changed significantly with time over
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the 2-year study period. This variation was driven mainly by changes in N
(CV=14-18% (N) versus 89% (P)).

In both the first and second study years, the wet season months (June-
August/weeks 36-52) were characterized by lower N:P ratios as a result of
lower leaf litter %N and higher leaf litter [P] (Figure 3c). These results are
contrary to those of Chuyong et al. (2000, wet forest) and Read and Lawrence
(2003, dry forests) where leaf litter %N decreased during the dry season
months. The lower N:P ratio during the wet season months could be due to a
shift in the relative amounts of N and P availability in the soil and/or a change
in the vegetative demand for these nutrients (source—sink interactions)
(Nambiar and Fife 1991; Newbery et al. 1997).

The N:P ratios peaked during the dry season months of the ENSO year
(February—April/weeks 20-32; 47 ultisols, 36 inceptisols; Figure 3c). The
occurrence of high N:P ratios during the extended ENSO dry season suggests
a shift towards greater P demand relative to N during this period. In addition
to high N:P ratios, there was a striking asynchrony in N:P values between
ultisols and inceptisols during the ENSO year, such that ultisols responded
4 weeks earlier than inceptisols. Hence, the positive shift in N:P ratio oc-
curred one month earlier in the less fertile ultisols (Figure 3c, d). In contrast,
the second study year did not exhibit the same inceptisol-ultisol N:P asyn-
chrony. Differences in N:P between soil types was minimal and N:P ratios
were on average lower. The discrepancy in N:P patterns between the two
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years suggests that this system responds to environmental variation on a
supra-annual basis and may reflect a response to ENSO related climatic
variabiltiy.

Inter-annual variation

With the exception of Ca, all of the leaf litter nutrient concentrations varied
across years (Table 1). Significant variation occurred among the first three
study years, with no change for any of the nutrients between years 3 and 4
(Table 1). This pattern of inter-annual variation suggests that leaf litter
nutrient cycling responded to an environmental forcing present during the first
two study years and not in the subsequent 2 years. The ENSO of 1997-1998 is
the most likely cause.

Overall, leaf litter %N showed the greatest inter-annual variation. The
greater inter-annual variation of N compared with the other nutrients indicates
that N is not cycled as tightly as P and the cations (Vitousek 1984).

Regressions with leaf litter nutrient concentration

Leaf litter [P] increased with the amount of precipitation during the collec-
tion period. Hence, while leaching may have a small negative effect on leaf
litter [P], the net positive relationship suggests that leaching is not the major
driver of variation. Possible explanations include (1) live tissue concentra-
tions change in response to soil nutrient availability while nutrient resorption
remains constant (Cuevas and Medina 1986; Vitousek and Sanford 1986;
Aerts and Chapin 2000; McGrath et al. 2000; Cleveland et al. 2004; however,
see Newbery et al. 1997) (2) a decrease in P demand by the vegetation in
response to a wet season phenological event (i.e. source—sink interactions)
(Nambiar and Fife 1991; Newbery et al. 1997) (3) reduced nutrient resorp-
tion in response to increased effective soil nutrient availability associated
with wet season months (Boerner 1985; Cuevas and Medina 1986; del Arco
et al. 1991; Escudero et al. 1992; McGrath et al. 2000; Cleveland et al. 2004;
however, see Chapin and Moilanen 1991; Aerts 1996; Aerts and Chapin
2000). Given that we observed no relationship between leaf litter [P] and
wind velocity, the temporal pattern of leaf litter [P] was probably not due to
an increase in nutrient-rich green leaf tissue in the litter traps.

In contrast to the positive relationship between current precipitation and
[P], the negative relationship between [K] and [Mg] and precipitation is most
likely the result of leaching from live leaf tissue. This is especially true of K,
which is highly soluble and not bound to any known organic compounds
(Epstein 1972; Veneklaas 1991; Schlesinger 1997). The lack of a significant
trend in Ca for two of the three edaphic types may be because Ca is
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incorporated into leaf structures, reducing the concentration of mobile Ca in
leaf tissue.

Alternatively, a negative relationship between cation concentrations and
rainfall could be due to leaching/decomposition in the litter traps; however, if
this were occurring during the 2 week collection period, we would expect N
and P, which are also susceptible to leaching, to decline as well. A litter
decomposition study conducted in Guatemala showed that Mg and P are lost
from litter at similar rates during the first 2 weeks (Ewel 1976). The positive
relationship between P, but not Mg, and rainfall leads us to conclude that
cation leaching is most likely occurring in the canopy rather than in the litter
traps.

This study suggests that long-term patterns of precipitation (16-18 weeks)
influence leaf litter nutrient cycling. As with short-term variability in precipi-
tation, changing soil nutrient availability should be further investigated as the
proximate mechanism for changing litter chemistry. Whereas the immediate
effects of precipitation should occur due to the mediating influence of soil
moisture, the long-term effects may occur due to the negative impact of pre-
cipitation on the amount of leaf litter that falls. In support of this developing
hypothesis, we found a negative relationship between rainfall and leaf litter [P]
on a long time lag (16-18 weeks). We also found a weak positive relationship
between litterfall mass and [P] on a shorter-time lag (12-16 weeks) that
accommodates a negative link between precipitation and litterfall in mature
forests. The timing of these lags coincides with documented rates of nutrient
cycling through the litter—soil system (Figure 8). In the Guatemalan decom-
position study, approximately 80% of P was lost from leaf litter within the first
10 weeks of decomposition (Ewel 1976). In our study, we found a positive
relationship between leaf litterfall 12—-16 weeks prior and current leaf litter [P].
In addition, maximum leaf litter [P] occurred in the wet season just 12—
16 weeks after peak leaf litter production, within the same time frame as the
demonstrated lag between leaf litter production and leaf litter [P]. Hence, it is
likely that leaf litter production does feed back positively on subsequent leaf
litter nutrient concentrations (Figure 8).

The 10-12 week time lag between leaf litter production and %N also sup-
ports a positive feedback from litter production (Figure 8). That the rela-
tionships were significantly earlier than those for leaf litter [P] may reflect less
immobilization of N than of P. This result is consistent with the P limitation
suggested above. Leaf litter %N was significantly positively related to a proxy
for current fruit/flower development (+ 8 week lag). One explanation may be
that more N leads to greater photosynthesis (Reich et al. 1997) and thus more
carbohydrates for fruit production.

To better understand feedbacks among precipitation, litter production and
litter chemistry, further research should focus on forest floor and belowground
processes that control nutrient availability such as decomposition and immo-
bilization, as well as controls on nutrient resorption from leaf tissue (e.g.
Figure 8).
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Conclusion

The N:P ratios changed over the 2-year study period with lower ratios con-
sistently in the wet season months. We propose that this seasonal variation is
due to changes in the relative availability of these nutrients in the soil and/or a
shift in nutrient demand by the vegetation. In the ENSO year, P appeared to be
more limiting than in the subsequent year, and this P limitation was more
pronounced in the less fertile ultisols than in the inceptisols. The pattern of N:P
variation also differed between edaphic types such that the ultisols responded
4 weeks earlier than inceptisols. These results indicate that during periods of
high P demand relative to N, differences in leaf litter nutrient cycling between
ultisols and inceptisols are exacerbated.

Overall, precipitation appears to be a major driver of short-term variation in
leaf litter P and cation concentrations. This was especially true when precipi-
tation levels were below 150 mm. An increase in soil nutrient availability
associated with higher soil moisture is proposed as an explanatory mechanism
for further study. Dynamics in the major cations K and Mg (but not Ca)
suggest that leaching from leaf tissue in the canopy is an important source of
variation in these nutrients.

Longer-term variation in [P] and %N is consistent with pulses of nutrient
availability provided by the decomposition of leaf litter (Figure 8). Inter-an-
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nual variation of leaf litter nutrients indicates that single-year studies could
potentially miss important responses of nutrient cycling to climatic variability.
Although controversial, one of the projected consequences of global climate
change is an expectation of more intense and frequent ENSO events. The
associated intensification of seasonality in precipitation could lead to intensi-
fied pulses of nutrient availability through changes in leaf litter production,
quality, and decomposition rates. Ultimately, changes in the rate of nutrient
supply could have longer-term effects on net primary productivity, carbon
storage, and species composition.
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