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Abstract

Paradoxically, symbiotic dinitrogen (N,) fixers are abundant in nitrogen (N)-rich, phosphorus (P)-
poor lowland tropical rain forests. One hypothesis to explain this pattern states that N, fixers
have an advantage in acquiring soil P by producing more N-rich enzymes (phosphatases) that
mineralise organic P than non-N, fixers. We assessed soil and root phosphatase activity between
fixers and non-fixers in two lowland tropical rain forest sites, but also addressed the hypothesis
that arbuscular mycorrhizal (AM) colonisation (another P acquisition strategy) is greater on fixers
than non-fixers. Root phosphatase activity and AM colonisation were higher for fixers than non-
fixers, and strong correlations between AM colonisation and N, fixation at both sites suggest that
the N-P interactions mediated by fixers may generally apply across tropical forests. We suggest
that phosphatase enzymes and AM fungi enhance the capacity of N, fixers to acquire soil P, thus

contributing to their high abundance in tropical forests.
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INTRODUCTION

Symbiotic dinitrogen (N,) fixation is a fundamental biological
process that allows some plants to overcome nitrogen (IN)
limitation by converting atmospheric N, into biologically
available forms. As a result, symbiotic N, fixation is an
important driver of ecosystem function (Vitousek & Howarth
1991; Vitousek et al. 2002; Gerber et al. 2010), especially in
N-limited ecosystems where soil available N is low relative to
available phosphorus (P). The N, fixation mutualism is ener-
getically expensive and requires significant carbon (C) and P
investment from host plants to support their microbial symbi-
onts (Vitousek & Howarth 1991). Thus, N, fixers (and N, fix-
ation) should theoretically have a competitive advantage in
relatively low N, high P environments, but be less competitive
in high N, low P environments. Yet, N, fixing trees are rela-
tively rare in many N-poor temperate and high-latitude for-
ests, but abundant in the N-rich lowland tropics (ter Steege
et al. 2006; Hedin et al. 2009). This paradox raises the ques-
tion: why are symbiotic N, fixers (and N, fixation) so abun-
dant in tropical rain forests? Reconciling this disparity is
critical for understanding global-scale patterns of N, fixer
abundance and for predicting how forests may respond to a
range of natural disturbances and anthropogenic environmen-
tal changes (Gerber et al. 2010; Cleveland et al. 2013).

In light of both the low P status of many tropical rain for-
ests (e.g., Cleveland et al. 2011) and the high P demand of N,
fixation (Vitousek & Howarth 1991), attempts to identify the
mechanisms that promote high abundances of symbiotic N,
fixers in these ecosystems have focused on interactions
between N and P. For example, Houlton et al. (2008) hypoth-
esised that N, fixers have the capacity to acquire more soil P
than non-N, fixers because they can invest fixed N, in extra-
cellular phosphatase production, enzymes that convert phos-
phomonoester- and phosphodiester-bound organic P into
biologically available forms (McGill & Cole 1981). Phospha-
tase enzymes are N rich and production has been shown to
increase substantially in response to elevated N (Olander &
Vitousek 2000; Treseder & Vitousek 2001; Marklein &
Houlton 2011). Thus, N, fixers may have a competitive
advantage over non-N, fixers in acquiring soil P. However,
while this mechanism may help to explain the abundance of
N, fixers in lowland tropical rain forests, there have been very
few attempts to assess it directly.

An additional but rarely explored mechanism that may pro-
mote high abundances of N, fixers in tropical rain forests
involves the widespread mutualism between plants and arbus-
cular mycorrhizal (AM) fungi. In exchange for photosyntheti-
cally fixed C, root colonising AM fungi effectively increase
the surface area of plant roots, enabling greater exploitation
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and uptake of soil P (Smith & Read 2008). The hyphae of
AM fungi may exploit either the soil inorganic P pool by
‘mining’ for distant pools of available P, or the soil organic P
pool by producing phosphatase enzymes. Although there is
very little evidence of a direct link between N, fixation and
AM colonisation in natural systems, N, fixation has been
shown to enhance the photosynthetic rate of some plants
(e.g., Harris et al. 1985; Jia et al. 2004), possibly allowing
greater investment in AM fungi via C allocation. In addition,
simultaneously hosting both N, fixing and AM fungi symbio-
nts could be beneficial in environments where the nature of
nutrient limitation (e.g., N vs. P) changes through time or
where both nutrients may be colimiting, as has been seen in
some tropical rain forests (Vitousek & Farrington 1997;
Davidson et al. 2004, 2007; Townsend et al. 2007; Wright
et al. 2011). Therefore, a second, non-mutually exclusive
hypothesis is that N, fixers have the capacity to acquire more
soil P than non-N, fixers because N, fixation allows them to
support greater AM colonisation, giving them a competitive
advantage in acquiring this often-limiting nutrient.

We tested these two complementary hypotheses by compar-
ing phosphatase enzyme activity and AM colonisation
between N, fixers and non-N, fixers in two distinct lowland
primary tropical rain forests in Costa Rica. Since phosphatase
enzyme production requires substantial N investment, we hy-
pothesised that N, fixers would show greater rates of root
and rhizosphere soil phosphatase enzyme activity than non-N,
fixers, and a positive relationship between rates of N, fixation
and phosphatase enzyme activity. Similarly, we hypothesised
the roots of N, fixers would have greater AM colonisation
than non-N, fixers, and a positive relationship between rates
of N, fixation and AM colonisation. Overall, our results
showed that N, fixers have both higher rates of root phospha-
tase enzyme activity and AM colonisation than non-N, fixers.
Moreover, AM colonisation was significantly and positively
correlated with N, fixation rates and nodule biomass. Many
studies have demonstrated that plants have the capacity to
acquire more soil P with increased root phosphatase enzyme
activity and AM colonisation (Sanders & Tinker 1971; Ortas
et al. 1996; Khaliq & Sanders 2000; Treseder & Vitousek
2001). Thus, symbiotic N, fixers may indeed compete more
effectively for soil P than non-N, fixers. Together, these two
strategies of soil P acquisition may help explain why symbiotic
N, fixers are abundant in the generally N-rich forests of the
lowland tropics.

METHODS
Study sites

The study was conducted in two mature lowland tropical rain
forest sites — one on the Pacific coast and the other on the
Caribbean coast of Costa Rica (Table S1). The Pacific site
consisted of three replicated 0.5-ha primary forest plots
located near Piro Biological Station on the Osa Peninsula
(8°24' N, 83°19’ W). Mean annual temperature (MAT) is
¢. 26 °C and mean annual precipitation (MAP) is ¢. 3500 mm
(Keller et al. 2013), and the region experiences a dry season
from December through April with heavy rains common
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throughout the rest of the year. Soils in the region are classi-
fied as highly weathered, nutrient-poor Ultisols (Berrange &
Thorpe 1988). Putative N, fixing species (e.g., Inga and Zygia
spp.) are common in the primary forest plots (Table 2) and
represent 5-13% of the total tree abundance (Sullivan ez al.
2014).

The Caribbean site included four replicated 0.09-ha
(30 x 30 m) primary forest plots established as part of a
nutrient fertilisation experiment in 2007 (Alvarez-Clare et al.
2013). The plots are located in a forest reserve at EARTH
University (Escuela de Agricultura de la Region del Trdpico
Humedo) in Gudcimo, Limén (10°11" N, 84°40" W) where the
MAT is ¢. 25 °C and the MAP is ¢. 3500 mm (Alvarez-Clare
et al. 2013). Annual precipitation at EARTH is distributed in
a bimodal pattern with no months receiving < 100 mm
(Alvarez-Clare 2012), and the plots are located on volcanic
soils classified as Ultisols and Inceptisols. The N, fixing spe-
cies Pentaclethra macroloba is abundant at EARTH (compris-
ing ¢. 30% of the total basal area within the primary forest
plots), but several other putative N, fixing species are also
present (Table 3; Alvarez-Clare et al. 2013).

Sampling strategy

Previous research has shown that some species of N, fixers
accelerate soil P cycling via increased phosphatase enzyme
activity (e.g., Houlton er al. 2008; Keller er al. 2013), but
other species do not (e.g., Batterman et al. 2013). Thus, to
overcome potential variation driven by species-specific traits
(e.g., shoot : root ratio, foliar stoichiometry, nutrient use effi-
ciency, host-specific interactions) that could affect a given spe-
cies’ ability to directly or indirectly alter soil P cycling, our
sampling scheme focused not on specific N, fixing and non-
N, fixing species, but rather on roots that either did or did
not contain N, fixing nodules. In other words, our sampling
strategy was designed to assess general (rather than species-
specific) relationships between nodulated/actively fixing vs.
non-nodulated/non-fixing roots and P acquisition. Further-
more, we measured nutrient acquisition strategies at a small
spatial scale in an attempt to differentiate between phospha-
tase enzymes produced by plants and microbes in the rhizo-
sphere soil from enzymes produced by microbes in the bulk
soil, as well as to link soil P acquisition strategies with N, fix-
ation at the locus of acquisition — the soil-root interface. For
example, we measured root phosphatase enzyme activity and
AM colonisation on both nodulated and non-nodulated root
segments of similar size and sampled from similar depths in
the soil. Next, we measured soil phosphatase enzyme activity
within the rhizosphere soil directly surrounding sampled root
segments. Finally, we confirmed that the nodulated roots were
actively fixing N, using the acetylene reduction assay (ARA;
see below).

Field sampling

We collected roots, rhizosphere soil, nodules and bulk soil in
October 2012, and January and June 2013 to capture rainfall
seasonality (i.e. wet, dry, dry—wet transition respectively) at
the Pacific site (Keller ef al. 2013), and in January and July
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2013 to capture the bimodal rainfall seasonality at the Carib-
bean site (Alvarez-Clare et al. 2013). We quantified root and
rhizosphere soil phosphatase enzyme activity, N, fixation, and
soil nutrient concentrations at each sampling period. How-
ever, we measured AM colonisation only once (after the
January 2013 sampling period at both sites) as AM colonisa-
tion shows minimal seasonal variation in tropical rain forests
(e.g. Treseder & Vitousek 2001) and is closely associated with
plant phenology (Allen 1998), which does not differ between
the N, fixers and non-N, fixers at the two sites.

At both sites, we used a 5.5-cm-diameter bulb corer to col-
lect five nodulated and non-nodulated root samples from the
top 10 cm of the mineral soil from each plot. From nodulated
root segments, we excised 2-3 nodules from each of the five
samples and placed them in acrylic tubes for the ARA (see
below). Rhizosphere soil directly surrounding root segments
was gently removed, bagged and stored at —20 °C for future
phosphatase enzyme analyses. Root segments were stored in
20-mL scintillation vials containing a 50 mM calcium sulphate
(CaS0Oy) solution (to maintain structural integrity and reduce
hypo-osmotic conditions) at 5 °C for future phosphatase
enzyme and AM analyses. Finally, we collected six 10 cm soil
cores from each of the Pacific site plots, and two 10 cm cores
from each of the Caribbean site plots for soil inorganic N
analyses. Soil cores were hand-homogenised in situ and coarse
woody and mineral fragments were removed prior to analyses.
Soil nutrient and enzyme data from separate seasons were
averaged to generate single, site-specific estimates for the two
plant functional groups (n = 5 per plot).

Soil nutrient analyses

Within 12 h of collection, we extracted ammonium (NH,")
and nitrate (NO3") from the fresh 0-10 cm soil core samples
by shaking 8 g of soil in 30 mL of a 2 M KCI solution for 1
min every 4 h. Extracts were filtered using Whatman glass mi-
crofiber filters (Grade GF/B, 47 mm) and frozen at —20 °C
until further analysis. Extracts were analysed colorimetrically
(Solorzano 1969; Doane & Horwath 2003) using a Synergy 2
Microplate Reader (Biotek, Winooski, VT, USA), and soil
inorganic N was calculated as the sum of NH," and NO;™.
We extracted available (Bray) P from air-dried subsamples of
the rhizosphere soil by shaking 8 g of soil in 40 mL of a dilute
ammonium fluoride solution for 1 min (Bray & Kurtz 1945).
Extracts were filtered using Whatman glass microfiber filters
and analysed colorimetrically on the plate reader (D’Angelo
et al. 2001). Soil dry weight and per cent moisture were deter-
mined gravimetrically by oven drying soils for 48 h at 105 °C.

Phosphatase enzyme activity

We measured phosphatase enzyme activity from subsamples
of the rhizosphere soil using a 4-methylumbelliferone (MUB)-
linked substrate following the methodology of Saiya-Cork
et al. 2002). Briefly, 2 g of fresh soil was homogenised with
125 mL of 50 mM sodium acetate buffer (SAB; pH 5) and
200 pL of the soil-buffer slurry was combined with 50 pL buf-
fer and 50 pL of 200 pM 4-MUB phosphate in a black 96-
well microplate. Each sample included eight analytical repli-

cates plus negative controls for sample and substrate fluores-
cence (i.e. quenching). Microplates were incubated at room
temperature in the dark for 24 h, and read at 365-nm excita-
tion and 450-nm emission and enzyme activities were calcu-
lated as pmol 4-MUB-P g~ ! soil h™".

We measured phosphatase activity from excised subsamples
of roots using a 4-MUB-linked substrate adopted from Sin-
sabaugh er al. (2003). Briefly, roots were rinsed with 50 mM
CaSO,4 to remove any attached soil particles. Subsequently,
20-30 mg of roots was immersed in 1 mL of 50 mM SAB
(pH 5), 1 mL of 50 mM SAB (800 pL)/100 mM MUB solu-
tion (200 pL) and 1 mL of 50 mM SAB (800 pL)/100 mM
MUB (200 pL)/200 mM 4-MUB phosphate (200 uL) solution
in clear 12-well plates. The plates were shaken at room tem-
perature for 1 h (110 rpm) and 200-pL subsamples from all
wells were pipetted into a black 96-well microplate. Each sam-
ple included four analytical replicates and negative controls
for sample and substrate fluorescence. Microplates were read
at 365-nm excitation and 450-nm emission and enzyme activi-
ties were calculated as pmol 4-MUB-P g~! root h™'. All
enzyme assays were performed within 1 week of sampling.

Arbuscular mycorrhizal colonisation

We quantified AM colonisation on air-dried subsamples of
roots by rehydrating fine roots (< 1 mm diameter and 15 mm
long) with tap water and staining with tryphan blue as
described in Koske & Gemma (1989). Briefly, roots were
cleared in a 10% potassium hydroxide solution for 3 days,
rinsed with tap water and placed in a 3% hydrogen chloride
(HCI) solution for 12 h for acidification. The HCI solution
was replaced with tryphan blue for 24 h and then de-stained
in water for 12 h. Ten cleared and uniformly stained root
pieces per sample were mounted on slides and root colonisa-
tion was quantified using the magnified intersection method
(McGonigle et al. 1990) on c. 50 intersections. Colonisation is
reported as per cent of root length colonised by AM fungi.

Symbiotic N, fixation

We confirmed N, fixation in each of the five nodulated root
samples using the ARA method (Hardy et al. 1968) by exca-
vating nodules from N, fixer roots and incubating them in a
50 mL clear acrylic tube for 1 h with a 10% acetylene atmo-
sphere. After incubation, 14 mL headspace samples were
removed from tubes with a syringe, injected into 10 mL Vacu-
tainers (Becton-Dickinson, Inc., Franklin Lakes, NJ, USA)
and returned to the laboratory for analysis by gas chromatog-
raphy using a Shimadzu GC-2014 equipped with a flame ioni-
sation detector (Shimadzu Inc., Kyoto, Japan). We accounted
for the ethylene produced from nodules without acetylene
exposure, ethylene produced from tubes and Vacutainers, eth-
ylene within our acetylene and ethylene lost due to photo-
degradation during transport. To convert acetylene reduction
rates to N, fixation rates, we measured the uptake of ISN-
labelled N, in nodules to generate an ethylene : N conversion
ratio of 2.8 : 1. We note that we do not explicitly present data
on rates of N, fixation here, but instead focus on the relation-
ship between the N fixation data and P acquisition strategies.

© 2014 John Wiley & Sons Ltd/CNRS
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Statistical analyses

Prior to statistical analyses, all data were tested for normality
using the Shapiro—Wilk test and homoscedasticity using the
Levene test. Welch two sample #-tests were used to determine
differences in soil total P, extractable P, total N, inorganic N
and total C between the two sites, and two-way analysis of
variance (ANovA) was used to test differences in phosphatase
enzyme activity and AM colonisation using plant functional
group and site as grouping variables. To determine relation-
ships between N, fixation rates and both phosphatase enzyme
activity and AM colonisation by each site, we calculated Pear-
son correlation coefficients and used simple linear regressions.
If we detected significant relationships, analysis of covariance
(ANncova) was used to assess the differences in the slopes of
the relationships between N, fixation and both phosphatase
enzyme activity and AM colonisation. The goal of this analy-
sis was to assess whether the relationships were consistent
between the two sites. For this analysis, root and rhizosphere
soil phosphatase enzyme activity were summed, as N, fixation
may affect both sources of phosphatase enzymes. All statisti-
cal analyses were performed using the open-source R software
v. 2.13.0 (R Development Core Team). For all data, signifi-
cance was determined when P < 0.05.

RESULTS
Soil nutrients and phosphatase enzyme activity

Both soil extractable (P < 0.01) and total P (P < 0.001) con-
centrations were higher at the Caribbean site than at the Paci-
fic site (Table 1), yet inorganic (P = 0.93) and total soil N
(P = 0.17) concentrations were not different between the two
sites. Phosphatase enzyme activity was significantly greater on
the roots of N, fixers than non-N, fixers (P = 0.03), and the
Pacific site, in general, had greater root enzyme activity than
the Caribbean site (P = 0.03; Fig. la). By contrast, there were
no differences in rhizosphere soil phosphatase enzyme activity
between N, fixers and non-N, fixers at either site (P = 0.32),
but the Caribbean site had greater rhizosphere enzyme activity
rates than the Pacific site (P < 0.01; Fig. 1b). Finally, among

Table 1 Soil carbon (C), nitrogen (N) and phosphorus (P) content of sur-
face soils (0-10 cm) at the Pacific and Caribbean rain forest sites, Costa
Rica. Values represent means with standard error in parentheses

Pacific rain Caribbean rain

Soil parameter forest forest
Extractable P (mg kg™ ')** 1.2 (0.10)" 7.65 (1.22)F
Total P (mg kg™ )*** 665 (63.79)F  1601.25 (104.57)°
Inorganic N (NH,* + NO5; mg kg™ ') 5.5 (1.07)" 4.39 (0.36)"
Total N (%) 0.39 (0.03)* 0.49 (0.01)
Total C (%)* 3.82 (0.24)F 4.83 (0.14)

tMean of three sampling periods at the Pacific rain forest site and the
two sampling periods at the Caribbean rain forest site.

iData from Cole, unpublished.

§Data from Alvarez-Clare et al. (2013).

*P < 0.1, **P < 0.01, ***P < 0.001.

© 2014 John Wiley & Sons Ltd/CNRS
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Figure 1 Potential rates of (a) root and (b) rhizosphere soil phosphatase
enzyme activity of N, fixers and non-N, fixers between the Pacific and
Caribbean sites, where P-values represent differences between plant
functional groups and sites. Data are means + 1 SD.

N, fixers, there were no significant relationships between total
phosphatase enzyme activity and N, fixation at the Pacific or
Caribbean sites (P = 0.46 and P = 0.57, respectively; Fig. 2a),
nor between total phosphatase enzyme activity and nodule
weight (P = 0.19 and P = 0.87 respectively; Fig. 2b).

Arbuscular mycorrhizal colonisation

Arbuscular mycorrhizal colonisation was significantly greater
in the roots of N, fixers than non-N, fixers (P < 0.01) but
did not differ overall between the two sites (P = 0.17,
Fig. 3a). In addition, AM colonisation was significantly and
positively related to N, fixation at the Pacific and Caribbean
sites (P =0.03 and P = 0.05 respectively; Fig. 4a) and nod-
ule weight (P = 0.01 and P < 0.01 at the Pacific and Carib-
bean sites respectively; Fig. 4b). Finally, the aNcova
indicated that the positive relationships between AM coloni-
sation and both N, fixation (P < 0.01) and nodule weight
(P <0.01) were consistent between the Pacific and Carib-
bean sites.
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Figure 2 Relationships between potential rates of total phosphatase enzyme activity (roots + rhizosphere soil) and (a) N, fixation, and (b) nodule weight
between the Pacific (dark grey) and Caribbean (light grey) sites. Significance and correlation coefficients are shown for each relationship at the two sites.
Each point represents N, fixation, nodule and enzyme data from an individual nodulated root.
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Figure 3 (a) arbuscular mycorrhizal (AM) colonisation of N, fixers and
non-N, fixers between the Pacific and Caribbean sites, where P-values
represent differences between plant functional groups and sites. Data are
means + 1 SD.

DISCUSSION

Overall, our results provide compelling evidence that both
phosphatase enzyme activity and AM colonisation — two com-
mon P acquisition strategies — are greater in N, fixers than
non-N, fixers in tropical rain forests. While we found some
evidence to support the mechanism that has most often been
hypothesised to explain the abundance of N, fixers in the tro-
pics (i.e. higher rates of phosphatase enzyme activity in N, fix-
ers vs. non-N, fixers), our data clearly demonstrate the
importance of an alternative, possibly synergistic and rela-
tively unexplored mechanism: N, fixers have much greater
AM colonisation than non-N, fixers. While the relationships
between N, fixation and soil P acquisition we observed are
correlations, they suggest that N, fixers may have a greater

capacity to acquire soil P than non-N, fixers via phosphatase
enzymes and AM fungi, thus contributing to the high abun-
dance of N, fixers in tropical rain forests.

There could be several possible explanations for the greater
AM colonisation on N, fixer vs. non-N, fixer roots. First,
greater AM colonisation of N, fixer roots may reflect a
greater P demand of N, fixers than non-N, fixers because N,
fixation requires large amounts of P (Sprent & Raven 1985).
However, this fails to reconcile the abundance of N, fixers in
tropical rain forests, where soil P is generally scarce compared
to P-rich temperate and high-latitude forests. Second, many of
the genes that encode for signal transduction and regulate the
establishment of the N, fixation symbiosis in plant roots are
the same genes that encode for and regulate the AM fungi
symbiosis, which may make the AM fungi symbiosis inher-
ently more common in N, fixers (Antunes et al. 2006; Herder
& Parniske 2009; Javaid 2010). Therefore, N, fixing plants
may be genetically more predisposed to colonisation by
another symbiont — AM fungi. Indeed, the consistent patterns
of greater AM colonisation on N, fixing roots relative to non-
N, fixing roots — as well as the consistent relationships
between AM colonisation and both N, fixation rates and nod-
ule weight between the two sites — may reflect an evolutionary
relationship between N, fixing plants and AM fungi (Herder
& Parniske 2009).

Finally, N, fixation has been shown to increase the photo-
synthetic rate of N, fixers relative to non-N, fixers via nutri-
ent stimulation (e.g., Harris et al. 1985; Jia et al. 2004),
possibly allowing greater investment in AM fungi. However,
it is important to note that the N, fixation-AM fungi tripar-
tite symbiosis increases the rate of photosynthesis at a greater
rate than either of the symbioses alone (Kaschuk et al. 2009).
Therefore, N, fixers may have a greater capacity to acquire N
and P than non-N, fixers because N, fixers may invest more
C into each nutrient acquisition strategy. In fact, in a re-
analysis of foliar nutrient data obtained across a range of
tropical forest sites (Townsend et al. 2007), we found that N,
fixers had significantly higher foliar N (and P) concentrations

© 2014 John Wiley & Sons Ltd/CNRS
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Figure 4 Relationships between arbuscular mycorrhizal (AM) colonisation and (a) N, fixation and (b) nodule weight between the Pacific (dark grey) and
Caribbean (light grey) sites. Significance and correlation coefficients are shown for each relationship at the two sites. Analysis of covariance indicated that
the positive relationships between AM colonisation and N, fixation (P < 0.01) and AM colonisation and nodule weight (P < 0.01) were consistent between
the Pacific and Caribbean sites. Each point represents N, fixation, nodule and AM fungi data from an individual nodulated root.

than non-N, fixers (Fig. S1). Given the positive relationships
between AM colonisation and both rates of N, fixation and
nodule weight, relatively high rates of photosynthesis realised
by N, fixers would be consistent with their high N and P con-
tent. In any case, the possible ‘resource-driven’ relationship
between N, fixation and AM colonisation could also help to
explain the relative abundance of N, fixers in tropical rain
forests, where both N and P have been shown to limit ecosys-
tem processes like net primary production (e.g., Davidson
et al. 2004, 2007; Wright et al. 2011).

Our fine-scale measurements of soil phosphatase enzyme
activity (i.e. in close proximity to actively fixing nodules) were
intended to detect possible differences in phosphatase activity
among individual plant roots and rhizosphere soil samples. As
such, we expected that N, fixers would show greater phospha-
tase enzyme activity than non-N, fixers. However, while root
phosphatase activity was higher for N, fixers than non-N, fix-
ers, rhizosphere soil phosphatase activity was not. There are
at least two possible explanations for this observation. First,
the phosphatase enzyme activity in rhizosphere soil may
reflect microbially produced enzymes rather than those pro-
duced by plant roots. Second, microbes in the rhizosphere soil
of N, fixing roots may not necessarily have an advantage in
producing phosphatase enzymes in a manner similar to N, fix-
ing plants because they are less likely to experience the effects
of fixed N in the soil. For example, increases in phosphatase
enzyme activity have been most commonly observed under N,
fixing tree canopies (Houlton et al. 2008; Keller et al. 2013),
but our study was designed to analyse N, fixing and non-N,
fixing roots, and associated rhizosphere soil, independent of
specific tree or canopy effects. As a result, the rhizosphere soil
we sampled near N, fixers was often in a location that was
not directly underneath a canopy of a N, fixer.

Although we did not measure P uptake directly, the pivotal
role of AM fungi and phosphatase enzymes in P acquisition
has been well established (Lambers er al. 2008; Smith & Read
2008), and many studies have demonstrated that plants have

© 2014 John Wiley & Sons Ltd/CNRS

the capacity to acquire more P with increased AM colonisa-
tion and phosphatase enzyme activity (Sanders & Tinker
1971; Ortas et al. 1996; Khaliqg & Sanders 2000; Treseder &
Vitousek 2001). Our data also suggest that AM fungi most
likely enhance P acquisition of inorganic P. For example, we
saw no relationship between total (root + rhizosphere soil)
phosphatase enzyme activity and AM colonisation at either
the Pacific or Caribbean sites (Fig. S2). Thus, AM fungi may
not simply enhance organic P mineralisation, but instead
exploit other (inorganic) P pools that do not require enzyme
hydrolysis or have already been hydrolysed by phosphatase
enzymes. Regardless of the mechanism, however, the cumula-
tive investment in soil P acquisition (i.e. via phosphatase
enzyme and AM fungi) likely results in a greater capacity for
N, fixers to acquire more soil P than non-N, fixers.

It is important to note that each of these plant nutrient
acquisition strategies has significant resource costs that must
be outweighed by the benefits for both to persist. For exam-
ple, it is estimated that the N cost of soil P uptake via phos-
phatase enzymes ranges from 1 to 16 g N g~ ' P (Treseder &
Vitousek 2001). Therefore, the benefit of soil P acquisition
must exceed this N cost. However, the N, fixation-AM coloni-
sation tripartite symbiosis is much more costly than the pro-
duction of phosphatase enzymes. The estimated C cost of N
uptake via N, fixation ranges from 8 to 12 g C g~ ' N (Fisher
et al. 2010), and the cost of P uptake via AM colonisation
ranges from 200 to 270 g C g~' P (Harris e al. 1985). None-
theless, Kaschuk ez al. (2009) found that plants with the tri-
partite symbiosis not only had increased photosynthetic rates
but the additional C fixed exceeded the costs of both symbio-
ses. Extending this observation further it seems plausible that
tropical N, fixing trees with the tripartite symbiosis may not
only have a greater capacity to acquire soil N and P, but may
also be capable of assimilating more C than plants lacking the
tripartite symbiosis.

Overall, our results provide compelling evidence that two
mechanisms — AM fungi and phosphatase enzymes — may
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simultaneously allow N, fixers to acquire P more effectively
than non-N, fixers. Moreover, the consistent N and P pat-
terns and interactions we observed indicate that the competi-
tive advantage in nutrient acquisition realised by N, fixers as
a functional group may exist across a wide range of soil N
and P concentrations found in the tropics (Townsend et al.
2008). This may, in part, reflect their unique ability to either
up- or down-regulate N, fixation and P acquisition strategies
depending on the degree of nutrient abundance in the soil
(Menge et al. 2009). For example, N, fixers at the Caribbean
site, which has both greater total and extractable P concentra-
tions than the Pacific site, had lower root phosphatase enzyme
activity and AM colonisation per unit N, fixation. However,
although robust, the correlations we observed are not capable
of assessing the directionality between N, fixation and soil P
acquisition. Therefore, experimental manipulations of N, fixa-
tion and/or AM colonisation (e.g., Harris et al. 1985), or tra-
cer studies that track N and P within the soil-mycorrhizae-
nodule-plant continuum (e.g., Frossard er al. 2011), are
needed to determine whether N, fixers are fixing N to acquire
soil P or whether they are investing in P acquisition to fix N.
Nonetheless, the apparently superior competitive ability of N,
fixers to acquire soil P via phosphatase enzymes and AM
fungi has important ecological implications for the community
assembly of lowland tropical rain forests, as well as the terres-
trial distribution of N, fixers globally (Houlton ez al. 2008).
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