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TREE SPECIES CONTROL RATES OF FREE-LIVING NITROGEN FIXATION

IN A TROPICAL RAIN FOREST

SASHA C. REED,1,3 CORY C. CLEVELAND,2 AND ALAN R. TOWNSEND
1

1INSTAAR and Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, Colorado 80309 USA
2College of Forestry and Conservation, University of Montana, Missoula, Montana 59812 USA

Abstract. Tropical rain forests represent some of the most diverse ecosystems on earth,
yet mechanistic links between tree species identity and ecosystem function in these forests
remains poorly understood. Here, using free-living nitrogen (N) fixation as a model, we
explore the idea that interspecies variation in canopy nutrient concentrations may drive
significant local-scale variation in biogeochemical processes. Biological N fixation is the largest
‘‘natural’’ source of newly available N to terrestrial ecosystems, and estimates suggest the
highest such inputs occur in tropical ecosystems. While patterns of and controls over N
fixation in these systems remain poorly known, the data we do have suggest that chemical
differences among tree species canopies could affect free-living N fixation rates. In a diverse
lowland rain forest in Costa Rica, we established a series of vertical, canopy-to-soil profiles for
six common canopy tree species, and we measured free-living N fixation rates and multiple
aspects of chemistry of live canopy leaves, senesced canopy leaves, bulk leaf litter, and soil for
eight individuals of each tree species. Free-living N fixation rates varied significantly among
tree species for all four components, and independent of species identity, rates of N fixation
ranged by orders of magnitude along the vertical profile. Our data suggest that variations in
phosphorus (P) concentration drove a significant fraction of the observed species-specific
variation in free-living N fixation rates within each layer of the vertical profile. Furthermore,
our data suggest significant links between canopy and forest floor nutrient concentrations;
canopy P was correlated with bulk leaf litter P below individual tree crowns. Thus, canopy
chemistry may affect a suite of ecosystem processes not only within the canopy itself, but at
and beneath the forest floor as well.

Key words: Costa Rica; ecosystem function; free-living; nitrogen fixation; phosphorus; tree species;
tropical rain forest.

INTRODUCTION

Nitrogen (N) supply exerts strong control over the

composition, diversity and productivity of many eco-

systems (Vitousek and Howarth 1991, Vitousek et al.

1997), and biological N fixation represents the largest

natural source of newly available N to the terrestrial

biosphere (Galloway et al. 1995, Vitousek et al. 1997).

Yet, as with many other ecosystem processes (e.g., Clark

2007), our understanding of the ecological controls over

N fixation remains incomplete in tropical forests

(Vitousek et al. 2002). Given current and projected

changes to these ecosystems (Clark 2007), including

rapidly rising deposition of anthropogenic N (Galloway

et al. 2004), the importance of unraveling controls over

the tropical N cycle is high (Matson et al. 2002).

However, in many ways, the N cycle of tropical forests

presents some unique puzzles.

For example, in large portions of the tropical forest

biome, N availability may exceed N demand (e.g.,

Martinelli et al. 1999), yet N fixation rates there are

suggested to be among the highest on earth (Cleveland et

al. 1999). The seemingly paradoxical observation of

elevated rates of high-cost N inputs in ecosystems that

are not limited by N underscores our incomplete

understanding of N fixation controls, and extends to

two distinct processes: symbiotic and free-living N

fixation (Sprent and Sprent 1990). The former is

confined to specific plant taxa and, although an

interesting debate revolves around the prevalence of

leguminous N fixation in tropical rain forests (Crews

1999, Gehring et al. 2005), here we focus on the free-

living N fixation occurring in the canopy, litter layer and

soils of forests with or without legumes. Data suggest

that free-living N fixation may represent substantial

inputs of N to tropical forest ecosystems (Jordan et al.

1982, Maheswaran and Gunatilleke 1990, Cleveland et

al. 1999, Reed et al. 2007), and may be subject to

controls that vary in concert with attributes unique to

individual tree species.

Multiple factors have been proposed as possible

controls over free-living N fixation in natural systems.

These include preferential predation on N-fixing organ-

isms, micronutrient availability (Vitousek and Howarth

1991; principally Mo), temperature (Hicks et al. 2003),
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moisture (Roskoski 1980), and, in particular, energy and

macronutrient availability (particularly N and phospho-

rus; Richards 1973, Remacle 1977, Silvester 1978, Eisele

et al. 1989, Crews et al. 2000, Vitousek and Hobbie

2000, Benner et al. 2007, Reed et al. 2007). Even at the

local scale, tropical forests display substantial interspe-

cific variation in the N and phosphorus (P) content of

live and senesced leaves (Townsend et al. 2007).

Similarly, dissolved organic matter (DOM) leached

from leaves on the forest floor (Neff et al. 2003,

Cleveland and Townsend 2006) can be an important

source of energy and nutrients for microbial communi-

ties in tropical forests (Cleveland et al. 2004), and both

the amount of DOM produced, and its nutrient content,

vary significantly between tree species (Cleveland et al.

2004). Thus, the potential clearly exists for tropical tree

species to regulate free-living N fixation through

interspecies differences in foliar carbon (C), N and P

availability. Yet, to our knowledge, there are no

published studies addressing how and why rates of

free-living N fixation vary within and beneath the

crowns of individual tree species in a tropical forest.

Here, we used 48 trees (eight individuals each of six

tree species) within a mature tropical rain forest to

explore species effects on free-living N fixation rates

from the canopy to the soil (see Plate 1), and to

concurrently assess local-scale variation in foliar and soil

chemistry. We hypothesized that (1) regardless of species

identity, rates of free-living N fixation would vary

significantly along a vertical profile that included sunlit

canopy leaves, recently senesced canopy leaves, bulk

forest floor litter and surface soils; (2) within profile

layers, live and senesced canopy leaf N fixation rates

would be dependent upon species identity, while bulk

leaf litter and soil rates would not vary significantly by

tree species; and (3) any observed species-specificity in N

fixation rates would relate to species differences in foliar

or soil P content.

MATERIALS AND METHODS

Site description

The study site is a mature, lowland tropical wet forest

(sensu Holdridge et al. 1971) located in the Golfo Dulce

Forest Reserve on the Osa Peninsula in southwest Costa

Rica (88430 N, 838370 W). Mean annual temperature

averages 268 6 1.58C (mean 6 SD), rainfall averages

.5000 mm/yr, and soil at the site is characterized as a P-

poor Ultisol (Berrange and Thorpe 1988, Bern et al.

2005). The site is a stratified, closed canopy, highly

diverse (100–200 tree species/ha [Kappelle et al. 2002])

rain forest that includes many common Neotropical tree

species (e.g., Brosimum utile Kunth Oken. [Moraceae];

Caryocar costaricense Donn. Sm. [Caryocaraceae];

Hieronyma alchorneoides Fr. Allem [Phyllanthaceae];

Schizolobium parahybum Vell. S.F. Blake [Fabaceae];

and Vantanea barbourii Standl. [Humiriaceae]). The

lowland rain forests of the Osa Peninsula house;57 tree

families (;260 tree species), including all three subfam-

ilies of Fabaceae (i.e., Caesalpiniodeae, Mimosoideae,

and Papilionoideae [Hartshorn and Poveda 1983,

Kappelle et al. 2002]). Comprehensive data on relative

abundance of tree species are not available in the region,

but in our study site, no single species makes up a

dominant fraction of the canopy and overall diversity is

exceptionally high.

Experimental design

We investigated species-level patterns and controls

over free-living N fixation by collecting samples from

four layers within a vertical, canopy-to-soil profile

(Plate 1). Eight individuals each of six tree species (48

trees total; Table 1) were sampled in June of 2006. The

six species we selected are among the more common

species in our study sites, represent six common

Neotropical families, and had significant and known

(Townsend et al. 2007) differences in canopy N and P

content. From each of the 48 individual trees, we

collected (1) live canopy leaves; (2) recently senesced

canopy leaves; (3) bulk leaf litter leaves; and (4) topsoil

(0–2 cm depth). Rates of free-living N fixation and

multiple aspects of chemistry were measured for all

samples, allowing comparisons both along a forest

vertical profile and among tree species within each layer

of the profile. We note that some of the organisms we

group here as ‘‘free-living’’ may be symbiotic, such as

canopy lichens, and we use the term to draw a clear

PLATE 1. The high tree diversity of many tropical forests
creates the potential for substantial local-scale gradients in
likely controls over biogeochemical processes. This study
investigated how free-living nitrogen fixation rates vary among
different canopy tree species, and along vertical profiles from
canopy leaves to surface soils. Photo credit: S. C. Reed.

October 2008 2925TREES SPECIES CONTROL N FIXATION



distinction from the microorganisms that live in a

structured symbiosis within leguminous plant roots.

Sample collection

From each of the 48 trees, we collected four sets of

samples from vertical forest transects. First, live canopy

leaves were collected using a 12-gauge shotgun; sunlit

leaves were shot from the canopy of each tree and

caught by hand as they fell to the ground. Next, to

collect recently senesced canopy leaves from individual

trees, 2.25-m2 litter traps were constructed and placed

next to each tree 5 days before collection, and species-

specific leaves were separated from the bulk material

collected over the 5-day period. Third, bulk leaf litter

was hand-collected beneath the crown of each of the 48

trees using a stratified random design within a 4 m

radius of the base of each tree. Finally, soils (overlying

leaf litter removed) were sampled within the same tree-

specific spheres to a depth of 2 cm; all soils were

collected as intact soil cores using 55 mL, 2.54 cm

diameter, clear acrylic tubes.

All samples were analyzed for N fixation rates on the

day they were collected and, for each of the layers of the

vertical profile, all species were collected on the same

day. Samples collected from different layers of the

profile were collected and analyzed on successive days

(excepting leaf litter and soil, which were collected and

analyzed on the same day), and each layer of the profile

from a specific tree was sampled once. Canopy and

senesced leaves were misted with 1 mL of deionized

water before analysis; leaf litter and soil moistures were

not manipulated. From all trees, two sets of foliar

samples (canopy leaves, senesced leaves, and leaf litter)

were collected for N fixation rate analysis: the first set

was incubated in situ on the forest floor, while the

second set was incubated under elevated photosynthet-

ically active radiation (PAR) conditions (;450

lmol�mÿ2�s) using light boxes. Thus, each tree was

assessed using seven samples: two sets of canopy leaves

(one forest floor and one elevated PAR), two sets of

senesced leaves (one forest floor and one elevated PAR),

two sets of bulk leaf litter (one forest floor and one

elevated PAR), and a single soil sample.

Foliar analyses

All foliage and litter samples were air dried, ground to

a fine powder using a mortar and pestle, oven-dried at

708C for 48 h, and analyzed for total C and N using a

Carlo Erba EA 1110 elemental analyzer (CE Elantech,

Lakewood, New Jersey, USA). Foliar P was analyzed

using a concentrated sulfuric acid/hydrogen peroxide

digest and an ascorbic acid molybdate colorimetric

analysis (Kuo 1996) on an Alpkem autoanalyzer (OI

Analytical, College Station, Texas, USA). We also used

a plant tissue analyzer (Ankom Technology, Macedon,

New York, USA) to further characterize litter and foliar

C composition. Briefly, samples were ground to a fine

powder, sealed into digest bags (Ankom Technology,

Macedon, New York, USA), subjected to a series of

digestions, and dried at 708C and weighed between

digestions to determine the fraction of organic material

represented by (1) soluble cell contents; (2) hemicellulose

TABLE 1. Chemical characteristics (means with SE in parentheses) of the canopy leaves, litter trap leaves, bulk leaf litter, and soil
from six tropical tree species.

Tree species utile costaricense staminodella paraensis parahybum globulifera P

Genus Brosimum Caryocar Manilkara Qualea Schizolobium Symphonia
Family Moraceae Caryocaraceae Sapotaceae Vochysiaceae Fabaceae Clusiaceae
Identity [Kunth] Oken. Donn. Sm. Gilly. Ducke [Vell.] S.F.

Blake
L.f.

Canopy leaves

% C 46.18a,b (0.77) 47.94a (0.88) 44.69b (0.63) 40.01c (1.43) 46.46a,b (0.80) 48.76a (0.32) ,0.001
% N 1.38a (0.09) 1.49a (0.04) 1.25a (0.06) 1.22a (0.11) 2.00b (0.14) 1.54a,b (0.10) ,0.001
% P 0.11a,b (0.02) 0.13a,b (0.02) 0.08b (0.01) 0.07b (0.01) 0.18a (0.03) 0.11a,b (0.02) 0.003
% lignin 20.02d (0.90) 15.49a,c (2.06) 19.32a,c (1.37) 14.08c (1.35) 14.56b,c,d (0.92) 42.86a,c (1.08) ,0.001

Litter trap leaves

% C 45.32a,b,c (0.99) 46.20a (0.62) 49.91b (1.74) 41.37c (1.29) 46.20a,b,c (0.62) 50.07a (1.71) ,0.001
% N 1.18a,c,d,e (0.05) 1.14a,d (0.15) 0.92e (0.03) 0.86d (0.07) 1.74b (0.11) 1.66b,c (0.11) ,0.001
% P 0.08a,e (0.01) 0.09a (0.01) 0.02b (0.01) 0.04b,e (0.01) 0.15c,d (0.02) 0.10a,c (0.01) ,0.001
% lignin 49.80c (3.08) 26.47b (3.41) 15.97a (0.77) 63.47b (2.02) 32.67b,c (3.42) ,0.001

Bulk leaf litter

% C 44.74 (1.40) 44.58 (0.44) 46.19 (0.91) 41.71 (1.26) 44.55 (0.98) 46.03 (1.52) 0.112
% N 1.71a (0.16) 1.44a,b (0.14) 1.11a,b (0.06) 1.01b (0.08) 1.47a,b (0.19) 1.53a,b (0.18) 0.022
% P 0.17a (0.05) 0.11a (0.01) 0.06b,c (0.02) 0.05c (0.01) 0.09a,b (0.01) 0.10a,b (0.01) ,0.001
% lignin 47.8 (1.80) 42.1 (0.74) 27.91 (8.18) 30.12 (0.96) 41.44 (6.6) 37.81 (6.96) 0.310

Soil

TOC (lg/g) 762.2a,b (88.5) 431.1a (38.1) 750.6a,b (62.2) 898.9b (176.9) 762.2a,b (83.5) 820.4a,b (122.1) 0.038
TDN (lg/g) 278.7 (63.0) 106.4 (9.6) 193.6 (24.0) 268.2 (82.4) 154.0 (55.4) 188.5 (55.4) 0.200
Labile P (lg/g) 48.4c (4.92) 44.4a,c,d (3.74) 23.8b (3.03) 27.7b,d (4.58) 37.2a,b,c (4.04) 45.3a,c,d (5.55) ,0.001

Notes: Significant differences among species within a row are denoted by a P value , 0.05 and by different lowercase letters.
Lignin data were not available for the M. staminodella litter trap leaves.
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and bound proteins; (3) cellulose; and (4) lignin and

other recalcitrants (Hobbie and Gough 2004).

Previous research in this site (Cleveland et al. 2004)

and others (Kalbitz et al. 2000) has shown that

variations in the chemistry of DOM leached from plant

material can strongly influence soil processes. To

identify potential links between DOM chemistry and

rates of free-living N fixation, dry foliage, and leaf litter

from each tree species was leached in 125 mL of

deionized water for 10 hr. Samples were then filtered

using Whatman GF/F glass fiber filters (Whatman

International, Springfield Mill, UK), and total organic

C (TOC) and total dissolved N (TDN) were determined

using a Shimadzu TOC-Vcpn/TN-1 (Shimadzu Corpo-

ration, Kyoto, Japan). Total dissolved P in leachates

was analyzed colorimetrically using a concentrated

sulfuric acid/hydrogen peroxide digest and an ascorbic

acid molybdate colorimetric analysis (Kuo 1996) on an

Alpkem autoanalyzer.

Soil analyses

Soil samples were sieved to 4 mm, oven-dried at 708C

for 48 h, and analyzed for total soil C and N using a

Carlo Erba EA 1110 elemental analyzer. Soil soluble C

and nutrient concentrations were determined using fresh

soils and a 2 M KCl extraction (Robertson et al. 1999);

DOC and TDN concentrations in extracted samples

were determined using a Shimadzu TOC-Vcpn/TN-1.

Extractable ammonium (NH4
þ) and nitrate (NO3

ÿ)

concentrations were determined using an Alpkem

autoanalyzer, and soil labile P (defined as the sum of

resin- and total bicarbonate-extractable P [Bowman et

al. 1978]) was determined using a resin and a 0.5 mol/L

sodium bicarbonate extraction (Tiessen and Moir 1993).

Phosphorus concentrations in the extractants were

measured colorimetrically using an ascorbic acid mo-

lybdate colorimetric analysis (Kuo 1996) on an Alpkem

autoanalyzer.

Acetylene reduction assay

We used the acetylene reduction assay (ARA; Belnap

1996) to determine rates of free-living N fixation in plant

and soil samples. Each sample (;1 g of foliage or ;10 g

of soil) was sealed into 55-mL clear acrylic tubes,

injected with enough acetylene to create a 10%

headspace concentration by volume (through a lid fitted

with a septum), and vented to the atmosphere to

equilibrate pressure in the tubes. All samples were

incubated for 16 hours in situ on the forest floor,

receiving ambient forest floor light and temperatures in

both daylight and nighttime hours. To assess if light

played a role in regulating rates of N fixation, a parallel

set of foliar samples was incubated under elevated

(relative to the forest floor) PAR conditions (;450

lmol�mÿ2�sÿ1). After incubation, sample headspaces

were mixed, subsampled, injected into pre-purged

Vacutainer tubes (Becton, Dickinson and Company,

Franklin Lakes, New Jersey, USA), and returned to the

laboratory for analysis.

FIG. 1. Rates of free-living N fixation along a rain forest vertical profile: (A) sunlit canopy leaves, (A0) sunlit canopy leaves
incubated under elevated photosynthetically active radiation (PAR), (B) mixed-species leaf litter, and (C) topsoil (0–2 cm).
Nitrogen fixation rates (pg�gÿ1�hÿ1) varied along the vertical profile (P , 0.001), and means (n ’ 48 trees per layer) 6 SE are
presented on a logarithmic scale (x-axis). Significant differences (P , 0.05) in N fixation rates among groups are denoted by
different lowercase letters.
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In the laboratory, ethylene concentrations were

measured using a Shimadzu 14-A Gas Chromatograph

equipped with a flame ionization detector (3308C) and a

Poropak N column (1108C; Supelco, Bellefonte, Penn-

sylvania, USA). Acetylene blanks (no leaves, no soil)

were collected during the field incubation and used to

assess background levels of ethylene in the acetylene gas.

Background ethylene concentrations made up a small

percentage of the ethylene produced for senesced leaves,

leaf litter and soil, but because of low rates (Fig. 1), did

comprise a significant percentage of the ethylene

produced by canopy leaves. However, blank ethylene

concentrations were quite consistent (,3% variation

among tubes), and the average background ethylene

value was subtracted from all sample values before

analysis. Controls for ethylene production and con-

sumption in the absence of acetylene were also

determined and were consistently small compared with

ethylene production rates. All sample dry masses and

moisture contents were determined gravimetrically after

oven drying for 48 h at 708C. Rates of acetylene

reduction were calculated using the unit nanomoles

(10ÿ9 mol) of acetylene reduced per gram dry mass of

sample per hour of incubation.

N fixation rate estimates

Studies of N fixation often extrapolate acetylene

reduction rates to annual N fixation rates (kg�haÿ1�yrÿ1)

to facilitate comparison across sites and with other

components of the N cycle. Thus, in addition to hourly

rates reported here, all rates of acetylene reduction were

converted to annual rates of N fixation. We note that

these extrapolations stem from a single sampling event

and should not be considered definitive annual rates;

however, the rates reported here do match well with

annual leaf litter and soil estimates assessed throughout

the year at the same site (Reed et al. 2007). The

relationship between acetylene reduction rates and N

fixation rates has been calculated using 15N techniques

and can be variable (Ley and D’Antonio 1998), but

often the relationship is near the theoretical range of 3

moles of acetylene reduced for every one mole of N fixed

(Hardy et al. 1968, Vitousek 1994, Vitousek and Hobbie

2000). Thus, we applied the theoretical conversion ratio

of 3:1 for all rate conversions.

Soil samples were collected as 2 cm intact cores, and

were converted to the more commonly reported 10 cm

depth, area-based rates (kg�haÿ1�yrÿ1). Previous research

has shown free-living N fixation rates in forest soils to be

dominated by the activity of heterotrophic organisms

(Sprent and Sprent 1990, Reed 2007), and N fixation

rates can remain relatively constant along a 0–10 cm soil

profile (Kreibich 2002). However, we note that this

extrapolation is particularly tenuous, as other studies

suggest that N fixation rates can decrease exponentially

along a soil profile (Kreibich and Kern 2003), and as soil

N fixation occurs below depths of 10 cm (Kreibich

2002).

Nitrogen fixation rates for live canopy leaves were

converted from mass-based rates (kg�gÿ1�yrÿ1) to area-

based rates (kg�haÿ1�yrÿ1) using a mass-to-area conver-

sion factor determined separately for each species.

Briefly, the area of multiple leaves from each species

was determined using a LI-COR 3000A portable leaf

area meter (LI-COR Biosciences, Lincoln, Nebraska,

USA). Leaves were then weighed and these data were

used to determine a specific mass-to-area relationship

for each tree species. A typical leaf area index (LAI) of 6

(based on previous research in moist tropical forests;

Asner et al. 2003) was then used to convert rates for

individual leaves (kg�cmÿ2�yrÿ1) to area-based rates for

the forest canopy (kg�haÿ1�yrÿ1). To calculate area-based

rates for leaf litter, we used a leaf litter weight-to-area

conversion factor determined in the field at the time of

sample collection. Briefly, a 0.25-m2 template was placed

on the forest floor and all leaf litter beneath the template

was collected, dried, and weighed. The process was

repeated multiple times across the forest and was found

to produce a consistent mass-to-area relationship. Area-

based N fixation rates for litter trap samples were not

calculated.

Statistical analyses

All data were tested for normality and homoscedas-

ticity (using Levene’s test for the equality of variances);

if either assumption was violated, data were ln-

transformed before analysis (SPSS 11.0.4, Chicago,

Illinois, USA). Differences among rates of N fixation

and among chemical properties, both along the vertical

forest profile and between species within a profile layer,

were determined using one-way analyses of variance

(ANOVA). To examine variation along the vertical

profile, data were grouped by position in the profile and

species identity was ignored. To explore variation

among tree species, data were analyzed separately for

each layer of the profile and data were grouped

according to species identity. Multiple comparisons

(for each ANOVA) were analyzed using Tukey’s post

hoc analysis. Relationships between rates of N fixation

and leaf or soil chemistry were determined using

regression analyses. Tree species ‘‘footprints’’ of N

fixation rates and chemical properties along the vertical

profile were investigated using two-tailed bivariate

correlation analyses. For all data, significance was

determined at a ¼ 0.05.

RESULTS

Variability along the vertical profile

Rates of free-living N fixation varied significantly

along the vertical forest profile, and in general, rates

increased from the top of the canopy to the forest floor

(Fig. 1). On a mass basis, canopy leaves (as a group) had

the lowest rates of N fixation (0.21 6 0.05 ng�gÿ1�hÿ1

[mean 6 SE]), soils and recently senesced leaves had

intermediate rates (0.74 6 0.09 and 1.70 6 0.64

ng�gÿ1�hÿ1, respectively), and bulk leaf litter collected

SASHA C. REED ET AL.2928 Ecology, Vol. 89, No. 10



from the forest floor had the highest rates (52.046 13.51

ng�gÿ1�hÿ1; Fig. 1). In foliar samples, total P and N

varied significantly along the vertical gradient (P , 0.01

for each): Canopy leaves had significantly higher

concentrations of total P (1120.8 6 87.8 lg P/g) than

litter trap leaves (819.3 6 77.0 lg P/g) or bulk leaf litter

(861.9 6 55.8 lg P/g), and canopy leaves were

significantly higher (1.49 6 0.06 % N) in N than litter

trap leaves (1.22% 6 0.07% N), but neither were

significantly different from bulk leaf litter (1.39% 6

0.07% N). Total C concentrations did not vary

significantly along the vertical profile.

Other aspects of foliar chemical composition also

varied along the vertical gradient. For example, when

plant samples were grouped according to vertical

position, the fraction of soluble organic material was

significantly higher (P¼ 0.004) in canopy leaves (46.8%

6 2.0%) than in litter trap leaves (37.6% 6 3.7%) and

leaf litter leaves (33.9% 6 2.2%). In contrast, the relative

proportion of lignin was lowest in canopy leaves (21.1%

6 2.1%) and was significantly higher (P, 0.001) in litter

trap (36.0% 6 4.0%) and leaf litter leaves (37.0% 6

2.8%; Table 1). Finally, water-extractable DOC concen-

trations also varied along the vertical profile. As a

group, canopy leaves produced significantly (P¼ 0.043)

more DOC (111.2 6 28.7 mg/g) than litter trap leaves

(41.6 6 6.9 mg/g) or bulk litter (44.2 6 7.4 mg/g).

However, neither TDN nor total dissolved P concentra-

tions in leaf leachate varied significantly along the

profile.

Species-specific variability

Profile position represents one potential source of

variability in N fixation rates in this diverse forest, but

our data also showed substantial species-level variability

in foliar and soil chemistry and N fixation rates. For

each of the four vertical layers along the canopy-to-soil

gradient, rates of free-living N fixation varied signifi-

cantly by tree species (Fig. 2; litter trap data not shown,

P¼ 0.015). Species-specific variations in N fixation rates

corresponded with changes in foliar chemistry (Table 1);

for example, total C, total N, and total P concentrations

of canopy leaves varied significantly among the six tree

species, as did the proportion of soluble leaf material

and lignin concentrations (Table 1). Similarly, total C,

total N, total P, and lignin concentrations varied

significantly among species in litter trap leaf samples

(P , 0.001 for each), as did total P and N for bulk leaf

litter (Table 1). The total dissolved P concentrations of

foliar leachate also consistently varied between species in

canopy leaves, litter trap leaves, and leaf litter leaves (P

, 0.05, P , 0.001, and P , 0.001, respectively).

Furthermore, soil organic C (P , 0.05) and soil labile P

(P , 0.001) varied significantly between species (Table

1). Percent moisture values were not significantly

different among species for canopy leaves, senesced

leaves, leaf litter, or soil.

N fixation rate controls

Differences in sample chemistry did not explain

observed differences in N fixation rates along the

vertical profile. However, within each layer of the

profile, variation in total P was significantly related to

variation in N fixation rates for canopy leaves (P ,

0.001; Fig. 3), senesced leaves (P , 0.001), and bulk leaf

FIG. 2. Comparisons of free-living N fixation rates among
six tree species incubated on the forest floor for (A) sunlit
canopy leaves, (B) mixed-species bulk leaf litter, and (C) surface
soil (0–2 cm) collected within the crown radius of trees. Free-
living N fixation rates were significantly different among the six
tree species within each forest component (P , 0.05 for each),
and significant differences among species within a component
are denoted by different lowercase letters. N fixation rates
(ng�gÿ1�hÿ1) are means (n � 7 trees per species for each layer) 6
SE. Note that the y-axis scale is different for each component.
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litter (P ¼ 0.023; Fig. 3), and variation in labile soil P

was significantly related with variation in soil N fixation

rates (P¼ 0.010; Fig. 3). Furthermore, for both canopy

and freshly senesced leaves, dissolved P in leaf leachate

(P , 0.001, R ¼ 0.477 canopy; P ¼ 0.010, R ¼ 0.494

senesced) significantly related to N fixation rates.

Soil moisture correlated positively with rates of soil N

fixation, though the percent moistures of canopy leaves,

senesced litter trap leaves, and leaf litter were not related

to associated N fixation rates. Thus, although soil

moisture did not vary significantly by tree species,

variation in soil moisture was suggested to partially

control rates of soil N fixation, an observation that has

been made previously at this site (Reed et al. 2007).

Tree species footprints

The species-specific differences in P concentrations

from canopy to soil suggested a species-generated P

‘‘footprint’’ that spanned the vertical profile. Total P in

canopy leaves correlated with that of not only the

species-specific samples in litter traps (P , 0.010), but

also that of bulk litter collected at the forest floor (P ¼

0.020). Thus, trees with higher P concentrations in the

canopy imparted a P signal on the bulk litter beneath

their crowns. Canopy P was not related to soil P;

however, leaf litter P concentrations did significantly

correlate with soil labile P concentrations (P ¼ 0.039).

Thus, bulk leaf litter P was correlated with both canopy

P and soil labile P concentrations.

Concentrations of both total C and total N were

significantly correlated between the canopy and litter

trap leaves of individual trees (P , 0.001 and P¼ 0.003,

respectively), but neither total C nor N concentrations

of canopy leaves correlated with those of bulk leaf litter

(P ¼ 0.184 and 0.267, respectively). Neither were leaf

litter total C nor total N values correlated with soil TOC

or TDN values.

DISCUSSION

Our data suggest that traits of canopy tree species

regulate free-living N fixation in this lowland tropical

forest. Rates varied by species not only on canopy leaves

(Fig. 2A) and recently senesced leaves, but also in both

bulk leaf litter and soils within the crown radius of a

given tree species (Fig. 2B, C). Thus, despite the fact that

bulk litter and soils at any point in the forest reflect both

the influence of multiple trees and soil fauna (that

effectively mix and transport organic material), a

significant ‘‘sphere of influence’’ persists for free-living

N fixation. This finding is reminiscent of Zinke’s (1962)

classic study from a sand dune ecosystem suggesting that

individual trees create species-specific footprints in soil

properties, a phenomenon now shown in several

temperate forest systems (Binkley et al. 1995, Binkley

and Giardina 1998, van Breemen and Finzi 1998, Lovett

et al. 2004, Hobbie et al. 2006).

Plant species effects on ecosystem function are not

necessarily surprising. Some of the clearest examples of

this potential come from the invasion literature, where

introduction of symbiotic N fixers (Vitousek et al. 1987,

Hughes and Denslow 2005), species with novel water-

use characteristics (Walker and Smith 1997), those that

FIG. 3. Relationships between P concentration and N
fixation rate for (A) sunlit canopy leaves, (B) mixed-species
leaf litter, and (C) topsoil (0–2 cm). Significance and R2 values
from regression analyses are shown for each component. Note
that the x- and y-axis scales differ among components.
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alter fire regimes (Mack and D’Antonio 1998), or even

ones with simply high growth rates and/or nutrient-rich

litter (Baruch and Goldstein 1999, Mack et al. 2000,

Allison and Vitousek 2004) all have the potential to alter

fundamental biogeochemical processes. Moreover, spe-

cies manipulation studies suggest that tropical trees can

differently affect a range of important ecosystem

properties, including soil C storage (Russell et al.

2006), rates of N turnover and loss (Bigelow et al.

2004, Ewel 2006) and soil chemistry, among others

(Montagnini and Sancho 1990, Ewel et al. 1991).

However, in diverse tropical forests, it has been

suggested that tree-specific traits will quickly ‘‘average

out’’ across the landscape, and that the footprint of a

given tree on the litter and soils beneath may be small

(Powers et al. 2004, John et al. 2007). Many such studies

have focused on bulk soil chemical indices alone, but we

suggest processes that are more dynamic at short time

scales, such as land–atmosphere–water exchanges of C

and N, may be most sensitive to the unique chemical

properties of a given tree species.

Moreover, in contrast to Powers et al. (2004), in this

forest we did find significant differences in soil P

availability (as well as in bulk leaf litter P content)

across species (Table 1), as well as a significant

correlation between the P concentrations of canopy

leaves and bulk leaf litter, suggesting a canopy footprint

that does extend to forest floor nutrient availability.

Furthermore, differences in P availability within each

layer of our vertical sampling profile (canopy-to-soil)

explained a significant fraction of the variability in N

fixation (Fig. 3). The importance of P availability in

regulating N fixation rates in this ecosystem is supported

by data from N and P fertilization plots, where P

additions significantly increased rates of soil and leaf

litter N fixation (Reed et al. 2007). Perhaps not

surprisingly, the strength of the relationship between P

and N fixation declined from canopy to soil, reflecting

both a dilution of individual species effects and the

growing importance of other controls at the forest floor.

Nonetheless, it is notable that species-specific variations

in canopy P values retain a signal at the forest floor

(Table 1), and still explain a significant portion of the

variance in N fixation rates (Fig. 3).

We also observed substantial variation in N fixation

rates along the canopy-to-soil gradient (Fig. 1), with

strikingly high rates in bulk leaf litter, much lower rates

in soil (on a mass basis), and the lowest rates of all on

canopy leaves. Some early work estimated that canopy

N fixation alone may add .60 kg N�haÿ1�yrÿ1 to rain

forest ecosystems (e.g., Edmisten 1970), while more

recent work places these inputs at 2 to 5 kg N�haÿ1�yrÿ1

(Freiberg 1998, Benner et al. 2007). Yet, the rates of

canopy N fixation we observed were significantly lower

still, averaging 0.035 kg N�haÿ1�yrÿ1 (Fig. 4), a rate

closer to the Goosem and Lamb (1986) estimate of 0.5

kg N�haÿ1�yrÿ1. Collectively, estimates of rain forest

canopy N fixation span four orders of magnitude, a

discrepancy that highlights both the likely spatial and

FIG. 4. Interspecific comparisons of area-based N fixation rates for each layer of the vertical profile. Spatially explicit values
incorporate species differences in physical leaf properties (e.g., mass-to-area relationships), as well as facilitate comparisons with
other studies; however, rates are estimated from a single sampling time and do not represent a definitive annual assessment of free-
living N inputs to this forest.
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seasonal variability in canopy N fixation, and the need

for far more data than are currently available.

In contrast to the species-specific patterns within each

layer of the vertical profile (Fig. 3), P variability did not

explain differences in N fixation rates along the vertical

axis. This is not necessarily unexpected, as marked

changes in controls over N fixation are likely along this

gradient, and such controls may include not only

variations in moisture and/or oxygen availability (Reed

et al. 2007), but also variation in the composition of the

microbial N-fixing community (Reed 2007). For exam-

ple, N fixation rates were significantly higher in canopy

leaves that were incubated under elevated PAR relative

to those incubated on the forest floor (0.49 6 0.15 and

0.21 6 0.05 ng�gÿ1�hÿ1, respectively; P , 0.05; Fig. 1),

but neither leaf litter nor soil showed higher N fixation

rates under elevated PAR. Thus, canopy N-fixing

communities may be dominated by autotrophic organ-

isms, while forest floor communities are dominated by

heterotrophic N fixers.

Furthermore, the relatively high N fixation rates in

soil, and especially in bulk litter, may indicate zones of

N limitation in this forest that are variable in both space

and time. While lowland tropical forests are often

thought to be N rich (e.g., Martinelli et al. 1999),

several recent studies suggest that N demand may exceed

supply in such forests (Ilstedt and Singh 2005, Cleveland

and Townsend 2006). In particular, very wet forests, like

the one studied here, are likely to experience exception-

ally high rates of N loss via leaching and denitrification

(e.g., Houlton et al. 2006), thereby perpetuating N

deficits even in systems where N inputs may be

substantial. In fact, given the potential for N losses,

the high rates of N fixation we observed in soil and litter

may be critical to meeting high N demand.

Finally, while we note that a one-time sampling must

be interpreted with some caution, the potential clearly

exists for variations in tree species to cause significant

local-scale variation in N inputs from free-living N

fixation. Rates in both this study and a year-round

assessment of litter and soil N fixation values (Reed et

al. 2007) are not trivial, and substantially exceed those

typically found in higher latitude ecosystems (Cleveland

et al. 1999). When canopy, litter, and soil values for this

study are summed by tree species, estimates of annual

rates vary by more than three-fold, and reach ;15

kg�haÿ1�yrÿ1 (Fig. 4). In addition, it’s striking that when

N fixation rates are converted to an area basis, there is

remarkable correspondence among canopy, litter and

soil rates across the six species (Fig. 4). The only

deviation from this pattern is for bulk litter beneath S.

parahyba, a legume that contains exceptionally soluble

and rapidly decomposing litter (Wieder et al. 2008).

Thus, we suggest that the notable variation among

tropical tree species foliar chemistry (Townsend et al.

2007) may translate into significant local-scale variation

in biogeochemical processes not only in the canopy

itself, but in underlying litter and soils as well.

In summary, data from this study provide evidence

that tree species in a diverse tropical rain forest may

affect the rates of free-living N fixation occurring on and

beneath them, and suggest that interspecific differences

in P availability are an important factor in driving tree

species effects. As discussed repeatedly in the current

debate over the role of biodiversity in ecosystem

function (Huston 1997, Chapin et al. 2000, Loreau et

al. 2001, Hooper et al. 2005, Balvanera et al. 2006),

local-scale species information may be critical for

accurate predictions of ecosystem responses to environ-

mental change. Our data show that this statement may

extend to highly diverse tropical forests, as well as

suggest that an ability to distill the complexity of rain

forests into tractable relationships could prove essential

in predicting changes to ecosystem function. However,

our understanding of diversity–function relationships in

such systems remains in its infancy.
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