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1. Introduction

ABSTRACT

Tropical rain forests are known for their high bioiogicai diversity, but the effects of piant diversity on
important ecosystem processes in this biome remain unciear. interspecies differences in both the
demand for nutrients and in foiiar and iitter nutrient concentrations couid drive variations in both the
pooi sizes and fiuxes of important beiowground resources, yet our understanding of the effects and
importance of aboveground heterogeneity on beiowground biogeochemistry is poor, especiaiiy in the
species-rich forests of the wet tropics. To investigate the effects of individuai tree species on beiow-
ground biogeochemicai processes, we used both fieid and iaboratory studies to examine how carbon (C),
nitrogen (N), and phosphorus (P) cycies vary under nine different canopy tree species —inciuding three
iegume and six non-iegume species —that vary in foiiar nutrient concentrations in a wet tropicai forest
in southwestern Costa Rica. We found significant differences in beiowground C, N and P cyciing under
different canopy tree species: totai C, N and P poois in standing iitter varied by species, as did totai soii
and microbiai C and N poois. Rates of soii extraceiiuiar acid phosphatase activity aiso varied significantiy
among species and functionai groups, with higher rates of phosphatase activity under iegumes.
in addition, across aii tree species, phosphatase activity was significantiy positiveiy correiated with iitter
N/P ratios, suggesting a tight coupiing between reiative N and P inputs and resource aiiocation to
P acquisition. Overaii, our resuits suggest the importance of aboveground piant community composition
in promoting beiowground biogeochemicai heterogeneity at reiativeiy smaii spatiai scaies.

© 2012 Eisevier Ltd. Aii rights reserved.

necessary for assessing how changes to plant diversity and
community composition (such as those resulting from climate and/

individual trees can exert a “sphere of influence” on soil prop-
erties (Zinke, 1962), and aboveground plant diversity can drive local
patterns in soil heterogeneity (e,g,, Binkley and Giardina, 1998),
Research has shown the chemistry of these spheres is more similar
between individuals of the same species than among species, and
that tree species differentially affect leaf litter and soil properties
beneath their crowns, thereby regulating fundamental biogeo-
chemicai processes (Hobble, 1992; Hobble et al,, 2006; Reed et al,,
2008), Accordingly, a more complete understanding of tree
species controls over ecosystem-scale biogeochemicai cycles is
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or land use change, for example) may affect ecosystem function.
Species effects on soil biogeochemistry can result from both
above- and beiowground controls, and may operate through
multiple mechanisms. For example, fine litterfall (i,e,, leaves and
smaller woody fractions) represents the dominant input of carbon
(C) and nutrients to forest soils (e,g,, Clark et al,, 2001), and inter-
species variation in foliar nutrient concentration may translate to
differences in litter chemistry that both directly and indirectly affect
pools and fluxes of beiowground C and nutrients (Binkley and
Giardina, 1998; Reed et al,, 2008), This could, in turn, affect
ecosystem processes including nutrient cycling, decomposition and
soil C storage, among others (Melillo et al,, 1982; Hobble, 1992;
Hirobe et al,, 2004; Hobble et al,, 2006; Wieder et al,, 2009; Russell
et al,, 2010), Similarly, species-specific variations in nutrient
demand and acquisition may drive local heterogeneity in soil
biogeochemistry. In particular, species differences in fine root
production, mycorrhizal fungal associations and enzyme production,
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among others, may significantly alter beiowground C and nutrient
availability via variations In nutrient uptake (Binkley et al., 2000;
Rllllig et al., 2001; Eviner and Chapin, 2003; FInzl et al., 2007).

Field studies comparing soil biogeochemicai properties beneath
different tree species offer Insight Into the nature and magnitude of
species effects in situ, and evidence suggests that species exert
Important differences In beiowground C and nutrient pools (e.g.
Finzl et al., 1998; Berger et al., 2002; Lovett et al., 2004; Ayres et al,,
2009; Cross and Perakls, 2011). However, the majority of research
to date has focused on relatively species-poor temperate forests.
Yet, tropical rain forests boast some of the greatest plant biodi-
versity ofany blome on earth and are disproportionately Important
In global biogeochemicai cycles (Field et al., 1998; Phillips et al.,
1998; Townsend et al., 2011). Previous research has highlighted
the Importance of linkages between biodiversity and blogeo-
chemlstry In tropical forests (Townsend et al., 2008), and above-
ground biodiversity Is reflected In high Interspecific variation In
foliar leaf nutrient concentrations. For example, foliar nitrogen (N),
phosphorus (P) and N/P ratios have been shown to vary more
among species In a given tropical forest site than across all
temperate forests combined (Townsend et al.,, 2008). Still, our
understanding of the effects of such aboveground biogeochemicai
heterogeneity on key beiowground biogeochemicai properties In
tropical forests remains poor.

Relatively few studies have explored how Individual tree
species affect soli properties In tropical forests, and those that
have report variable results. Some studies found significant
species effects on beiowground C and N cycling In southwestern
Costa Rican and Brazilian rain forests (Reed et al., 2008; Wieder
et al,, 2008; Van Haren et al,, 2010), while Powers et al. (2004)
found no significant species effects In an eastern Costa Rican
rain forest. Beyond Cand N, species effects on Pcycling In lowland
tropical forests may be especially Important to consider for
several reasons; P Is relatively Immobile; tropical soli P avail-
ability Is typically low (e.g., Sanchez, 1976; Sanchez et al., 1982;
Vitousek and Sanford, 1986); and P has been shown to limit
ecosystem processes In tropical forests (Cleveland et al.,, 2002;
McGroddy et al., 2004; Wright et al., 2011; Santiago et al., 2012).
In P-poor soils (like those that dominate much of the lowland
tropics; Sanchez, 1976), both plants and microbes mineralize and
acquire P largely via the production of extracellular phosphatases,
enzymes that convert organic P Into blo-avallable Inorganic P (Pj)
forms (McGill and Cole, 1981; Olander and Vltousek, 2000).
Phosphatase production requires substantial quantities of N
(Treseder and Vltousek, 2001) and N fertilization In low N soils
has been shown to Increase soli phosphatase activity (Olander
and Vltousek, 2000), suggesting a tight coupling between soli N
and Pcycling and availability. Building on this Idea, Houlton et al.
(2008) suggested that Interactions between N and P help explain
the abundance of putative N-fixing legumes In tropical rain
forests. From an N perspective, high N-fixer abundance In the
relatively N-rich tropics represents something of a paradox, as N
seems unlikely to limit plant growth and the ability to acquire N
from the atmosphere should therefore not confer a competitive
advantage. However, Houlton et al. (2008) proposed putative N-
fixers (the majority of which are legumes) could Indeed have
a competitive advantage In P-poor tropical forests due to their
ability to allocate excess N to produce phosphatases and acquire
scarce P. While only a small minority of all legumes In the tropics
are likely actively fixing N at a given time (Barron et al,, 2010),
unique physiological traits common to legumes — such as high
foliar N — suggest the potential for a competitive advantage
regardless of symbiotic N fixation. While there are Insufficient
data available to confirm this hypothesis, those that do exist
suggest legumes and non-legumes may differentially affect

beiowground blogeochemlstry through Important N x P Interac-
tions (e.g., Markleln and Houlton, 2011).

The magnitude of species-specific effects on soil phosphatase
activity may vary with differences In soli P availability (McGill and
Cole, 1981), and may be particularly strong In the low P soils of
many tropical forests. For example, while soli phosphatase activity
did not vary by tree species In a relatively P-rich temperate forest
(Weand et al,, 2010), Ushlo et al. (2010) reported a significant tree
species effect on potential soli phosphatase activity In a montane
tropical forest characterized by low soli P. In addition, species-
specific strategies for procuring P may offer a competitive advan-
tage In P-poor soils (Turner, 2008), such that different species may
employ different P-acqulring enzymes to access different soli P
pools. However, beyond the observation that soli phosphatase
activity Is higher under some legumes (Houlton et al.,, 2008), our
understanding of the Interactions and mechanisms behind the
observed relationships between legumes and soli phosphatase
activity Is Incomplete.

Here, our objective was to examine how soli C, N and P pools and
fluxes vary under nine different lowland tropical forest canopy tree
species. Including three putative N-fixing legumes and six non-
legumes. We hypothesized that Individual canopy tree species
would drive differences In beiowground C, N and P pools due
primarily to species-specific differences In Utter chemistry. Next,
we hypothesized that soli phosphatase activity would vary among
species as well as by functional group, likely due to Important
beiowground N x P Interactions wherein legume trees would have
access to greater N resources to allocate toward higher soli phos-
phatase production. We addressed these hypotheses using
a combination of observational field studies and a laboratory
Incubation experiment and measured multiple pools of total and
available C and nutrients as well as soli phosphatase activity.

2. Materials and methods
2.1. Study area

The study was conducted In a lowland tropical rain forest
reserve on the Osa Peninsula In southwestern Costa Rica (8°24' N
83°19' W). Mean annual temperature at the site Is ~26 °C, mean
annual precipitation Is 3450 mm, and the region experiences adry
season from December through April with heavy rains common
throughout the rest of the year (as for a site ~3G km away
described by Cleveland et al.,, 2004). The study area Is located on
upland soils classified as highly weathered, nutrient-poor Ultlsols
(Berrange and Thorpe, 1988). The Osa Peninsula Is a biologically
diverse ecosystem, home to approximately 700 different tree
species and more than 4000 vascular plant species (Sanchez-
Azofelfa et al., 2002; Kappelle et al., 2003). Although specific
phenology varies by species In this seml-declduous tropical rain
forest, most tree species drop the majority of their leaves during the
dry season and then leafout again at the onset of the rainy season
(Lobo et al., 2008).

2.2. Experimental design

Nine common canopy tree species were selected with 63
replicates per species for a total of 66 trees within a 1 km” study
area. Tree species Included three legume species (Dialium guia-
nense, Inga alba and Tachigali versicolor) and six non-legume species
(Brosimum utile, Caryocar costaricense, Castilla tunu, Otoba novog-
ranatensis, Pourouma bicolor and Socratea exorrhiza). To Investigate
how variations In foliar and leaf Utter chemistry relate to differ-
ences In beiowground processes, we chose common species rep-
resenting a wide spectrum of foliar nutrient concentrations (G.
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Asner, unpublished results). Only trees with adiameter >10 cm and
receiving full sun at some point during the day were Included.

2.3. Soil and litter sampling

Soils were sampled under each tree twice —In April 2010 during
the dry-to-wet season transition, and In July 2010 during the
peak of the wet season —to capture some seasonal variability. Four
0o—10 cm deep soil cores were taken with an s cm bulb corer at the
four cardinal directions within 1 m of the base of each tree, likely
capturing the most active horizon of beiowground plant and soil
microbial activity (Veldkamp et al., 2003). Soil samples were bulked
by tree, homogenized by hand In the field, and sorted to remove
roots and coarse fragments. All analyses were performed on these
composite samples for each tree, giving a total of ss samples.
Recently fallen species-specific leaf Utter (l.e., minimally decom-
posed standing Utter composing the top-most portion of the Utter
layer) was also collected under each tree In April.

2.4. Soil and litter analyses

W ithin 12 h of collection, soil Inorganic N (NHj and NOs ) was
extracted from fresh soil samples by shaking s g soil In 25 m | of
a 2 M KCI solution for 5 h. Extracts were filtered using Whatman
glass microfiber filters (Grade GF/B, 47 mm), frozen and transported
to the laboratory at the University of Montana for colorimetric
analysis using a Synergy 2 Microplate Reader (BloTek, USA;
Solorzano, 1969; Doane and Horwath, 2003). Fresh soil samples
were also transported to the laboratory for soil microbial biomass
analysis and stored at 4 °C to limit microbial activity after sampling
until analyses were performed (within one week of field sampling).
Microbial biomass Cand N concentrations were determined using
a chloroform fumlgatlon-extractlon method (Brookes et al., 1985)
and 0.5 M K2SOs extracts were analyzed using a Shimadzu TOC-V
CPN/TNM-1 analyzer (Shimadzu Inc., Kyoto, Japan). Biomass esti-
mates were calculated as the difference In Cand N concentrations
between fumigated and non-fumligated samples and standard k
factor corrections (0.45 for Cand 0.54 for N) were used.

Labile P and microbial biomass P were assessed using a NH4F
extraction (Bray and Kurtz, 1945; Oberson et al., 1997) and analyzed
colorimetrically (D’Angelo et al., 2001). Labile P was calculated as
the P present In non-fumlgated samples and microbial biomass P
was calculated as the difference between fumigated and non-
fumlgated samples and corrected for the efficiency of the digest
(0.4 correction factor; Brookes et al., 1982), but not corrected to
account for possible physical sorption of P mineralized during the
fumigation (Oberson et al.,, 1997). Soil dry weights and percent
moisture were determined gravimetrically by oven drying soils for
48 h at 105 °C. Total soil Cand N were determined on dried and
ground (using a mortal and pestle) samples using a CHNS-0
elemental analyzer (CE Instruments EA 1110, Thermo Fisher, USA).
Total soil P was determined on dried and ground samples using
a nitric acld/hydrogen peroxide digest. Specifically, 16 mL of nitric
acid were Incrementally added to 0.4 g sample, heating to 95 °C
after each addition until reaction was complete. After an additional
90 mIn at 95 °C, the samples were cooled and then 30% H:0O: was
added Incrementally until the sample no longer changed color.
Samples were then heated at 85 °C for 2 h, after which 4 mL
concentrated HCl were added to each sample and heated at 95 °C
for 15 min. Finally, samples were diluted to 40 mL with deionized
H20 and left to settle overnight. Extracts were analyzed colorl-
metrically with a Synergy 2 Microplate Reader (Blotek Instruments,
Inc., Winooski, VT USA; D’Angelo et al., 2001). Species-specific leaf
Utter samples were dried at 60 °C for two days and ground using
aWlley-MIIl (20-mesh screen). Litter was ground to a fine powder

using a mortal and pestle and total C, N and P of all Utter samples
were determined as described above for total C, N and P.

2.5. Enzyme assays

Potential rates of soli phosphatase activity were determined on
subsamples of each composite soli sample that were frozen at
-20 °C prior to analysis. Soli phosphatase activity was measured
using a methylumbellliferyl (MUB)-linked substrate following the
methodology of Salya-Corket al. (2002). Briefly, 1 g of fresh soli was
homogenized with 125 mL of 50 mM sodium acetate buffer (pH 5)
and 200 |iL ofthe soll-buffer slurry was combined with 50 |iL buffer
and 50 |[iL of200 |iM 4-MUB phosphate. There were eight analytical
replicates for each assay plus negative controls for sample and
substrate fluorescence (l.e. quenching). Microplates were Incubated
In the dark for 3 h (an Incubation time that was, after multiple tests,
determined to correspond to the height of enzyme activity In the
samples) and NaOH was not added prior to reading (365 nm exci-
tation and 450 nm emission) due to the sensitivity of MUB fluo-
rescence to NaOH over short time scales and the ability to acquire
consistent results without NaOH addition (German et al., 2012).
Enzyme activities were calculated as pmol h*' g“".

2.6. Laboratory litter incubation experiment

To complement the field sampling and analyses, we also con-
ducted alaboratory Incubation experiment In an attempt to Isolate
the potential effects of species differences In Utter chemistry on soli
C, N and P pools, rates of C mineralization and soli phosphatase
activity. Species-specific litter from six canopy tree species was
Incubated for ¢s days with a composite soli from the site. Specifi-
cally, recently fallen leaf Utter was collected In April under Indi-
viduals for three legumes (D. guianense, I. alba and T. versicolor) and
three non-legumes (B. utile, C tunu, and 0. novogranatensis), with
three Individual trees per species (for a total of 18 trees). Under
each tree. Utter was collected from the four cardinal directions
within 1 m ofthe tree base and homogenized In the field, resulting
In a total of 18 Utter samples. At the start of the Incubation, there
were four replicates of each composite Utter sample (for a total of
72 samples).

All Utter samples were dried at 60 °C for two days and ground
using a Wlley-MIll. Fresh soli collected In July from each tree as
described above was composited using equal amounts of soli per
tree (calculated by soli dry weight) to create a common bulk soli
sample. In 50 mL plastic centrifuge tubes, 0.24 g of Utter was mixed
with 12 g of composite soli using a metal spatula for a 1;50 Utter to
soli ratio by mass. Samples were loosely covered with aluminum
foil to allow for air flow and Incubated In a dark cooler with moist
paper towels (to maintain humidity) at 20 °C. Samples were
maintained at field moisture by weighing tubes every seven days to
determine moisture loss and adding sterilized deionized water
with a microplpette as needed 24 h prior to measurement.

Rates of C mineralization were determined eight times across
the ¢ s -day experiment using a statlc-Incubatlon procedure (Flerer
et al,, 2003). Six hours prior to sampling, tubes were opened to the
atmosphere, gently fanned, and then sealed with alr-tight plastic
caps fitted with septa for gas-sampling. After the ¢ h Incubation
period, headspaces were mixed with a syringe and a 5 mL sample
from each tube was removed. Cmineralization was measured using
a gas chromatograph (Shimadzu Inc, Kyoto, Japan) equipped with
a thermal conductivity detector and rates were calculated as CO:
produced per gram sample per hour. On the same day C minerali-
zation rates were measured, one replicate for each Utter
sample was destructively harvested and analyzed for Inorganic N
(as described above) and blcarbonate-extractable Inorganic P
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(Tiessen and Moir, 1993). Briefly, 30 m 1 0.5 M NaHCOs was added to
1 g dry sample, shaken for 16 h, and centrifuged at 4500 rpm for
23 min. The supernatant was decanted and P content was analyzed
colorimetrically (D’Angelo et al., 2001). Subsamples of each
destructively harvested sample were stored at -20 °C for up to
several months until being analyzed for potential rates of soil
phosphatase activity (as described above).

2.7. Statistical analyses

All data were tested for normality and homoscedasticity using
Shapiro—W Ilk and Levene’s tests, respectively. When assumptions
of normality and variance homogeneity were not met, species
differences were assessed using the Kruskal—Wallis non-
parametric one-way analysis of variance test. Pairwise compari-
sons were performed using the WIllcoxon rank sum test with
a Bonferronl correction. In cases with rank ties, exact P-values could
not be calculated and approximate values are reported. Given that
most of the data are non-normal, the median and a bootstrapped
estimate of the standard error of the median (using 10,000 boot-
strap samples) are provided along with the mean. A repeated
measures general linear model was used to assess how rates of C
mineralization varied among species and functional group through
time, with species or functional group as the between-subject
factor. Pearson correlation coefficients were calculated and simple
linear regressions were used to determine relationships between
pairs of quantitative data such as litter and soil chemistry. A
significance threshold of P < 0.05 was used and all statistical
analyses were performed using the open-source R software (R v.
2.13.0; R Development Core Team, 2010) or SPSS (v. 20.0; IBM
Corporation).

3. Results
3.1. Field study

Litter and soil chemistry varied among canopy tree species but
there was no direct relationship between the two (e.g., litter N/P
ratios did not significantly correlate with soil N/P ratios). Chemical
characteristics of species-specific litter and soil sampled below
each canopy tree species are shown in Fig. 1 (see also Supplemental
Table 1). Recently fallen species-specific standing leaflitter N and P
concentrations and litter N/P ratios varied among all species
(P < 0.001), as did leaf litter C/N ratios (P < 0.001) (Fig. 1;
Supplemental Table 1). There were also significant differences in
litter N concentrations and N/P ratios among functional groups;
Legumes had higher N concentrations and higher N/P ratios
compared to non-legume species (P < 0.001 for both %N and N/P
ratios) and lower C/N ratios (P < 0.001) (Fig. 1). Species-specific leaf
litter P content did not vary between legumes and non-legumes
(Fig- F).

There were significant differences in soil chemistry below
different tree species, but not between functional groups. In all
cases, tree diameter was not a significant factor in driving tree
species differences. Total soil extractable organic C(TOC) and N (TN;
both measured only in soils samples collected in April) varied
significantly among species (P < 0.001 for both TOC and TN) but not
between legumes and non-legumes (Supplemental Table 1). Soil
TOC/TN ratios varied among species (P = 0.009) and showed
marginally significant differences between functional groups
(P=0.05) (SupplementalTable 1). Soil inorganic N(NHj+ NOs )and
Bray’s extractable soil P concentrations did not vary significantly
among species at either time point (Fig. 2; Supplemental Table 2).
Overall, soil inorganic N concentrations were more than twice as
large in April —during the dry-to-wet season transition —compared

(o

O!

Fig. 1. Box-whisker plot showing species variation in total concentrations of leaflitter
(a) N concentrations (b) P concentrations, and (c) N/P ratios. Plots show sample
minimum, lower quartile, median, upper quartile, and sample maximum; outliers are
depicted as open circles. Individual tree species on the x-axis are as follows: Brosimum
utile, Caryocar costaricensis, Castilla tunu, Dialium guianensis, Inga alba, Otoba nova-
granatensis, Pourouma bicolor, Socratea exorrhiza, Tachigali versicolor. Light gray boxes
correspond to non-legume species and dark gray boxes correspond to putative N-
fixing species.
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Fig. 2. Species variation in soil (a,b) extractable inorganic N, (c,d) extractable inorganic P and (e,f) soil moisture in April (left panels) and July (right panels). Plots show sample
minimum, lower quartile, median, upper quartile, and sample maximum; outliers are depicted as open circles. Individual tree species on the x-axis as follows: Brosimum utile,
Caryocar costaricensis, Castilla tunu, Dialium guianensis, Inga alba, Otoba novagranatensis, Pourouma bicolor, Socratea exorrhiza, Tachigali versicolor. Light gray boxes correspond to non-

legume species and dark gray boxes correspond to putative N-fixing species.

to the peak of the wet season in July. Soil pH (measured on soils
collected In April only) varied significantly among species
(P < 0.001) and between functional groups (P = 0.002): soil pH
under legumes was lower than soil pH under non-legumes
(Supplemental Table 1). Mean soil moisture across all species was
significantly higher In July (P < 0.001) and there was a marginally
significant species effect on soil moisture In April (P = 0.05) and
a stronger effect InJuly (P = 0.02) (Fig. 2). There were no significant
differences In soil moisture content between functional groups at
either time point.

Soil microbial biomass C concentrations varied significantly
among species In both April and InJuly (P = 0.02 for both), but not
between functional groups. A similar pattern was observed for
microbial biomass N, with a significant species effect In April

(P = 0.004) and a marginally significant effect In July (P = 0.05).
However, there were no significant functional group differences In
microbial biomass N for either April or July, and there were no
significant species or functional group effects on microbial C/N
ratios, microbial P or microbial N/P ratios at either time point
(Supplemental Tables 2 and 3).

Soil phosphatase activity varied both among species (P = 0.02)
and functional groups (P < 0.001) In April and July (P < 0.01 for
both species and functional group) with higher activity under
legumes (Fig. 3). There were also significant relationships between
leaf Utter nutrient stoichiometry (measured only on samples
collected In April) and phosphatase activity (measured In April and
In July). Litter N/P ratios from April positively correlated with soil
phosphatase activity from both April and July (r = 0.38, P = 0.002
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Fig. 3. Comparison of potential rates of soil add phosphatase activity below nine
different canopy tree species In April (A) and July (B). Bars represent means and error
bars depict standard deviations. Putative N-fixing species are denoted by dark gray
bars while light gray bars Indicate non-N-fixers. No significant differences were found
between individual species.

for each; Fig. 4). Litter N concentrations were also significantly
related to potential soil phosphatase activity in April (r = 0.25,
P = 0.043) while litter P concentrations were negatively correlated
with soil phosphatase in July (r = -0.29, P = 0.02). fJowever, when
functional groups were analyzed separately, leaf litter N/P ratios
were not a significant predictor of soil phosphatase activity for
either legumes or non-legumes alone.

3.2. Laboratory incubation experiment

We observed species-specific differences in soil inorganic N
concentrations on days 19, 43, and ¢s (P < 0.001 for all time points),
and both litter C/N and N/P ratios were significantly related to
inorganic N availability at these time points (P < 0.05 in all cases).
C/N ratios were negatively correlated with soil inorganic N at all
time points, and litter N/P ratios showed inconsistent patterns. Soil
inorganic blcarbonate-extractable P (Pj) varied by species at all time
points (P= 0.02,P < 0.001, P= 0.027,P= 0.033 on days 1,19,43, and
68 respectively), but there were no significant relationships
between litter C, N and P concentrations or ratios and soil
extractable Pj at any time point.

Rates of C mineralization varied significantly by species
(P < 0.001) and time (P < 0.001), such that the highest rates of
mineralization were observed at the beginning of the incubation

1100
1000 r=0.38
P =0.002
900
800
700
600
500

400

8o !Obospba@-@/\

300
10 20 30 40 50 60 70 80 90
Litter N/P

Fig. 4. Relationship between species-specific litter N/P and potential rates of soil acid
phosphatase activity in April. Each point represents litter and soil enzyme data from
under an individual tree. Putative N-fixing species are represented with black circles
and non-legumes are shown with open circles. Significance and the correlation coef-
ficient (r) are shown.

and generally decreased over time. There was also a significant
interaction between species and time (P = 0.003): significant
species effects on C mineralization rates were present during the
initial stages of the incubation (P = 0.01, P = 0.006, P = 0.02,
P = 0.04 on days ¢, 8,13, 19, respectively), but this species effect
then disappeared until the final time point (day ¢s,P = 0.02). There
was also a significant functional group x time interaction
(P < 0.001) and although a significant functional group effect was
not observed over the course ofthe incubation (P = 0.392), the final
time point also marked the only time during which a significant
functional group effect (P = 0.018) was apparent. Litter N/P ratios
were the best predictor of cumulative C mineralization over the
course of the experiment, with low litter N/P related to high
cumulative Cmineralization rates (r = -0.56, P = 0.031), although
this relationship did not hold at all time points. There were no
significant species or functional group differences in soil phos-
phatase activity at any time point during the incubation (Fig. 5).
Litter P was the only significant predictor of soil phosphatase
activity in the laboratory incubation and only on day 19.

1200
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o Day 19

o Day 43

1000 a Day 68
800
600
3 400
200

Dialium inga Tachigali Brosimum  Castilla Otoba

Genus

Fig. 5. Effects of species-specific litter on soil acid phosphatase activity in a laboratory
incubation experiment. Bars represent means and error bars depict standard devia-
tions. No significant species or functional group effect on enzyme activity was
observed at any time point.
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4. Discussion

Overall, our results show that even In this diverse lowland
tropical rain forest, Individual species have multiple measurable
effects on beiowground blogeochemlstry. In addition to effects on
soil Cand nutrient pools and stoichiometry, species also appear to
differentially regulate beiowground nutrient cycling through N x P
Interactions. For example, phosphatase activity In soil collected
under legumes was higher than In soil collected under non-
legumes, and species with higher litterfall N/P ratios were associ-
ated with higher rates of soil phosphatase activity (Fig. 4). These
results are not only some of the first from awet lowland tropical
forest to support the hypothesis that legumes may promote higher
soil phosphatase activity than non-legumes (Houlton et al., 2008),
but they also add nuance to our understanding of what drives
variation In soil phosphatase activity. In particular, the pattern we
observed between litterfall N/P ratios and soil phosphatase activity
(Fig. 4) only holds when assessing both legumes and non-legumes
together, suggesting that higher Utter N/P ratios may result In
elevated soil phosphatase activity regardless of the capacity to fix
N. This relationship between litterfall N/P ratios and soli phos-
phatase activity may also lend Insight Into tropical species-specific
canopy-to-soll biogeochemicai ‘footprints’ (Reed et al., 2008), such
that higher N/P ratios may result In higher soli phosphatase activity
due to relatively more N and less P entering the soli.

W hile most studies that have Investigated plant species effects
on soli conducted to date have focused on temperate ecosystems
(e.g., Boettcher and Kallsz, 1990; FInzl et al., 1998; Washburn and
Arthur, 2003; Lovett et al., 2004; Cross and Perakls, 2011), the
nature of such plant—soli relationships may be fundamentally
different In lowland tropical forests. For example, litterfall chem-
istry —which varied significantly among species (Fig. 1) —may be
particularly Important In regulating beiowground blogeochemIstry
In lowland tropical forests, where fine litterfall can account for ~
50% of all aboveground net primary production (Clark et al., 2001),
and complete litter turnover can occur over relatively short time
scales (Gholz et al., 2000; Cleveland et al., 2006). Moreover, a large
proportion of the nutrient pool In many nutrient-poor tropical
forests Is actively cycled through litterfall over relatively short
timescales. Thus, litterfall plays an especially critical role In nutrient
cycling In these ecosystems (Vitousek, 1982), Implying that species
differences In Utter chemistry, and/or differences In resorption
efficiency (Reed et al., 2012), could have a particularly strong effect
on beiowground nutrient heterogeneity and availability In lowland
tropical forests. This suggests the presence of a strong plant—soli
relationship, whereby observed beiowground biogeochemicai
differences are largely a result of tree species effects on local soli
properties. However, It may also be the case that such beiowground
differences favored the establishment of specific tree species due to
their unique edaphlc habitat preferences Qohn et al., 2007).

The litter Incubation experiment was designed to Isolate the
potential effects of Utter chemistry versus other possible below-
ground effects (e.g., species differences In root dynamics such as
root exudates) on soli C, N and P pools and fluxes. Results showed
species differences In Utter chemistry drove significant differences
In cumulative Cmineralization and Inorganic N availability. Species
effects on C mineralization have been reported across multiple
forest types (Wieder et al., 2008; Ayres et al.,, 2009; Yohannes et al,,
2011) and could represent an Important species-level control over
ecosystem functioning, as C mineralization dynamics strongly
Influence both Cand nutrient cycles (Wieder et al., 2008). Similarly,
the direct relationship we observed between Utter chemistry and
Inorganic N availability In the laboratory mirrors field study results
obtained In other ecosystems (FInzl et al., 1998; Kamel et al., 2008;
Ayres et al,, 2009; but see Washburn and Arthur, 2003; Cross and

Perakls, 2011). The absence of such a direct relationship In our
field study may be due In part to rapid plant nutrient uptake. In
particular, while larger available N pools may be expected under
species with high Utter N, high rates of N uptake can act to reduce
variation In beiowground N availability.

In the field, low soli P availability may drive species-specific
differences that help explain the difference In phosphatase
activity In the soils beneath legumes versus non-legumes. Low P
availability may promote allocation of excess available N to soli
phosphatase production (Houlton et al., 2008), directly from root-
derived enzymes. Indirectly from microbial phosphatase activity
or a combination of both pathways. In contrast to the positive
relationship observed between Utter N/P and soli phosphatase
activity In the field, we did not observe a significant relationship
between Utter P, microbial Por Inorganic labile P In either the lab or
the field. The lack of differences (In spite of species differences In
Utter P; Fig. 1) Is not necessarily surprising given the relatively low P
content of these highly weathered tropical soils (Bern et al., 2005;
Townsend et al.,, 2002), and that much of P mineralized In soli may
be rapidly occluded via P geochemical adsorption (Cleveland et al,,
2002). Although movementof Pand other nutrients Into the solivia
leaching from the Utter layer may be high, rates of nutrient uptake
and Immobilization may also be high, resulting In low available soli
nutrient concentrations. The consistently low extractable nutrient
pools we observed across all tree species support this Idea (Fig. 2;
Supplemental Tables 2 and 3). At a nearby site Reed et al. (2008) did
observe a significant relationship between leaf Utter P and labile
soli P, and the shallower soli depths used In that study could help
explain the tighter coupling between Utter and soli available P. In
a study conducted In another tropical rain forest site. Powers et al.
(2004) found no significant differences In soli chemistry. Including
extractable P, under four different tree species compared to
a common putative N-fixing species (Pentaclethra macroloba). Yet,
a lack of statistical power may have hindered the detection of an
ecologically Important species effect In the Powers et al. (2004)
study. Taken together, our data and those of others suggest that
available P pools In P-poor soils may not lend a great deal of Insight
Into how P becomes available or how It Is used, and Investigations
of processes such as P mineralization may offer more direct Infor-
mation Into how P demand and acquisition vary.

In fact, potential soli phosphatase activity was the only below-
ground pool or flux measured In this study to show a significant
direct relationship with Utter chemistry. Species drove differences
In several metrics of beiowground blogeochemlstry (namely TOC,
TN and microbial biomass C and N), yet there were not direct
relationships between species-specific litter chemistry and
beiowground Inorganic or total C, N and P pools. These results differ
from other studies showing a strong relationship between Utter
and soli N (Stump and Binkley, 1993; Van Cleve et al., 1993; Ferrari,
1999) and P concentrations (Reed et al., 2008) although the
majority of these studies were carried out In low diversity, cool and
relatively dry ecosystems.

Species can affect soli pH and soli moisture —edaphlc factors
that have been shown to Indirectly affect beiowground blogeo-
chemlstry by altering rates of decomposition, weathering and
nutrient cycling, among others (Chapin et al.,, 2002). Such effects
may combine to lim it the direct relationship between Utter and soli
chemistry, and yet contribute to the overall observed species effect
In Important ways. For example. In an analysis of soils across the
western hemisphere, Flerer and Jackson (2006) found that soli pH
was a strong predictor of microbial community composition, which
can affect rates of decomposition and nutrient cycling (Strickland
et al, 2009; McGuire and Treseder, 2010). This result persisted at
small scales, with soils from sites similar In climate and vegetation
but varying In pH exhibiting different microbial communities.
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Specifically, more acidic soils were characterized by lower micro-
bial diversity and richness. Interestingly, here we found soil pH
varied by species with more acidic soils generally found under
legumes. Differences In microbial community composition can
affect rates of decomposition as well asthe retention of nutrients In
the soil (Scbimel et al,, 2001; Zak et al., 2003). Thus, tree species
effects on soil pH may drive differences In microbial community
composition that In turn may locally affect Cand nutrient pools and
fluxes beiowground.

Similarly, soil moisture affects rates of decomposition and
nutrient cycling, with low soil moisture restricting diffusion of C
and nutrients to microbes and high soil moisture limiting oxygen
diffusion (Chapin et al,, 2002). In both cases, microbial activity Is
reduced and decomposition and nutrient cycling slows. Here we
found significant species effects on soil moisture as well as
a seasonal effect with higher mean soil moisture In July. Thus,
effects of species on edaphlc soil properties as seen In this study
may also contribute to specles-drlven variation In beiowground
blogeochemistry.

Overall, our results show tropical rain forest community
composition can drive Important differences In beiowground
blogeochemlstry. Including effects on soil C mineralization rates, P
acquisition via soil phosphatase, and the stoichiometry of litterfall
Inputs. This study revealed significant variation In soil properties
among nine canopy tree species, suggesting tropical species-
specific Influences on beiowground heterogeneity at relatively
small spatial scales. Such local variability and the Importance of
community composition on beiowground processes should there-
fore be considered when extrapolating plot-level measurements
across larger scales and when attempting to predict bow these
forests will respond to perturbations such as climate change (Pastor
and Post, 1988; Prentice et al., 1993). It Is expected that tree species
will differentially respond to environmental changes and devel-
oping a more nuanced understanding of beiowground blogeo-
chemlstry that considers the effects of the aboveground plant
community will help us better predict —and mitigate — future
changes to the biogeochemicai cycles of these forests. In addition,
shifts In aboveground plant community composition as a result of
environmental changes —such as the predicted Increase In drought
across much of the tropics (LI et al., 2008; Malbl et al., 2009) or
Increased atmospheric N deposition (Galloway et al., 2004; Hletz
et al,, 2011) — may affect ecosystem processes In variable, non-
random ways depending on the nature of change to the tree
community composition. Finally, the strong species and functional
group differences In soil phosphatase activity observed In this
study add to a growing body of work suggesting that beiowground
N X P Interactions are driven to a large extent by aboveground
community composition. Developing a mechanistic understanding
of these Interactions Is critical to broadly predicting aboveground-
belowground linkages and the effects of environmental change on
tropical ecosystem processes.
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