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Summary

1. We hypothesized that tropical plant species with different mycorrhizal associations reduce
competition for soil phosphorus (P) by specializing to exploit different soil organic P compounds.

2. We assayed the activity of root/mycorrhizal phosphatase enzymes of four tree species with
contrasting root symbiotic relationships--arbuscular mycorrhizal (angiosperm and conifer),
ectomycorrhizal and non-mycorrhizal--collected from one of three soil sites within a montane tropical
forest. We also measured growth and foliar P of these seedlings in an experiment with P provided
exclusively as inorganic orthophosphate, a simple phosphomonoester (glucose phosphate), a
phosphodiester (RNA), phytate (the sodium salt of myo-inositol hexakisphosphate), or a no-P control.

3. The ectomycorrhizal tree species expressed twice the phosphomonoesterase activity as the arbuscular
mycorrhizal tree species, but had similar phosphodiesterase activity. The non-mycorrhizal Proteaceae
tree had markedly greater activity of both enzymes than the mycorrhizal tree species, with root
clusters expressing greater phosphomonoesterase activity than fine roots.

4. Both the mycorrhizal and non-mycorrhizal tree species contained significantly greater foliar P than in
no-P controls when limited to inorganic phosphate, glucose phosphate, and RNA. The
ectomycorrhizal species did not perform better than the arbuscular mycorrhizal tree species when
limited to organic P in any form. In contrast, the non-mycorrhizal Proteaceae tree was the only
species capable of exploiting phytate, with nearly three times the leaf area and more than twice the
foliar P of the no-P control.

5. Our results suggest that arbuscular and ectomycorrhizal tree species exploit similar forms of P,
despite differences in phosphomonoesterase activity. In contrast, the mycorrhizal tree species and
non-mycorrhizal Proteaceae appear to differ in their ability to exploit phytate. We conclude that
resource partitioning of soil P plays a coarse but potentially ecologically important role in fostering

the coexistence of tree species in tropical montane forests.
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Introduction

Plant species and their symbiotic associates encounter soil nutrients in chemical forms that present
different barriers to acquisition, providing an opportunity for specialization to exploit different fractions
of the total nutrient pool. This phenomenon is well documented with respect to soil nitrogen (N), with
evidence for preferential uptake of different chemical forms leading to species coexistence within a site
via the formation of complementary soil niches and/or between sites via habitat-specialization on soils
dominated by different chemical forms (McKane et al. 2002; Weigelt, Bol, & Bardgett 2003; Oelmann et
al. 2007; although see Andersen & Turner 2013). A similar phenomenon may occur for soil phosphorus
(P), which exists in diverse organic forms that are susceptible to different classes of enzymatic attack
before they can be exploited by plants (Turner 2008; Ahmad-Ramli, Thomas, & Johnson 2013). Here we
compare the capacity of tropical tree species from four distinct functional groups to exploit P from

different organic sources in order to gauge the potential for partitioning of the total soil P pool.

Phosphorus is an essential plant nutrient with virtually no atmospheric presence (Marschner
1995). Physiological and bio-chemical studies suggest that plants respond to changes in soil P availability
with a diversity of acquisition strategies (reviewed in Vance et al. 2003). Organic P constitutes a major
proportion of the total P in most soils (Harrison 1987) and is present in compounds that must be
mineralized by different classes of phosphatase enzyme before the phosphate can be taken up by plants.
Mineralization of organic P represents the combined effects of plants, free living soil microbes, and root-
associated mutualists, particularly mycorrhizal fungi, which account for as much as 80% of the total P
uptake by plants (Douds et al. 2000). The different forms of soil P can be placed along a gradient of
increasing investment required for mineralization, depending on their solubility and the type and number
of enzymes that must be produced in order to liberate phosphate (Turner 2008) (Figure 1). Thus, simple
phosphomonoesters (e.g. glucose-phosphate, mononucleotides) require hydrolysis by the enzyme
phosphomonoesterase, while phosphodiesters (e.g. DNA, RNA) require both phosphomono- and

phosphodiesterase to liberate phosphate. Phytate (salts of myo-inositol hexakisphosphate) is hydrolyzed
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by a special class of phosphomonoesterases called phytases (Figure 1). Of these organic forms, phytate is
the most resistant to hydrolysis, due in part to its strong stabilization on mineral soil surfaces. It must
therefore be solubilized prior to enzymatic hydrolysis, which presumably represents the most
metabolically expensive cost of acquisition among the organic P compounds (Turner 2008).

We compared the phosphatase enzyme activity and performance of tropical tree species from the
following functional groups—arbuscular mycorrhizal angiosperms, arbuscular mycorrhizal conifers,
ectomycorrhizal angiosperms, and non-mycorrhizal proteoid plants. Most plant species form associations
with arbuscular mycorrhizal (AM) fungi, which produce a network of hyphae in the soil and leaf litter
that are thought to predominately increase the acquisition of inorganic P (Dodd et al. 1987; Tarafdar &
Marschner 1994; Joner, van Aarle, & Vosatka 2000). However, tropical conifers in the family
Podocarpaceae, which form arbuscular mycorrhizas inside specialized root nodules (Dickie & Holdaway
2011), are associated with P-deficient soils enriched in phosphodiesters and phytic acid (Richardson et al.
2004; Turner et al. 2007). This suggests that either podocarps or their fungal partners might have the
ability to utilize recalcitrant organic P (Turner 2008), although this has not been tested (Dickie &
Holdaway 2011). A third group of tree species associate with ectomycorrhizal (EM) fungi, which have
evolved from saprotrophs and are known to exploit organic P via the exudation of phosphatase enzymes
(Phillips & Fahey 2006; Smith & Read 2008). Finally, tropical non-mycorrhizal trees from the family
Proteaceae are restricted to soils with very low P availability (Lambers et al. 2012). Proteaceae trees form
cluster roots, or densely packed rootlets produced from the main root axis, that exude abundant
phosphatase enzymes capable of mineralizing organic P (Adams & Pate 1992; Watt & Evans 1999;
Lambers et al. 2006; Lambers et al. 2008).

Plant species capable of exploiting organic P should have high root/mycorrhizal phosphatase
activity. In addition, plant species capable of exploiting recalcitrant organic P should elicit growth,
allocational, and nutritional reactions when limited to phosphodiesters and phytate. These include
(relative to a no-P control) (i) increased foliar P concentration; (ii) increased growth; (iii) increased leaf

area (Shipley & Meziane 2002); and (iv) increased specific leaf area (SLA), a functional leaf trait
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describing the ratio of leaf area to leaf mass that correlates positively with plant nutrition (Meziane &
Shipley 2001).

We hypothesized that differences in mycorrhizal associations among tree species would result in
a gradient in the ability to exploit organic P, with taxa arrayed in the following order (from lowest to
highest ability): AM angiosperm trees, AM podocarp conifers, EM trees, and NM trees (Proteaceae). We
tested this hypothesis by using root phosphatase assays of tree species representative of different P-
acquisition strategies from a tropical montane forest, and by conducting a growth experiment in which

seedlings of the same tree species were supplied with one of a series of compounds as the sole P source.

Methods

We conducted two separate experiments. In the first experiment, plant species were collected from the
field, potted in field soil, transferred to the lab and exposed to artificial enzyme substrates in order to
assay phosphomono- and diesterase activity. In the second experiment, a separate group of field-collected
seedlings from the same plant species were grown in a shade-house in the field in a sand growth medium

with P provided in one of 4 different chemical forms (with a no-P control).

Study site

The study was conducted in the Fortuna Forest Reserve along the Cordillera Central of western Panama.
The reserve supports lower montane forest between 1000 and 1500 m a.s.l., with mean annual rainfall of
4900-7200 mm and mean annual temperature of 19-22°C (Cavelier, Solis, & Jaramillo1996; Andersen,
Turner, & Dalling 2010). Photosynthetically active radiation under (PAR) cloudy conditions that prevail
in the montane forest at Fortuna are 290 pmol photons m”s™. Seedlings were collected close to permanent
1-hectare forest census plots at Chorro, Honda B, and Hornito (see Andersen et al. 2012, for site
descriptions). Soils at Chorro and Honda B are formed on rhyolitic tuff; the surface soil (0-10 cm) has pH
in water of <4.0 and low concentrations of inorganic N (0.63 and 3.40 pg cm™ extracted in KCI,

respectively) and extractable P (2.74 and 4.10 pug cm™ by Mehlich-3 extraction, respectively) compared to
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other nearby sites (Andersen et al. 2012). In contrast, Hornito has more fertile soils developed on
porphyritic dacite, with higher pH (5.8) and greater concentrations of inorganic N and extractable P (4.52
and 10.92 pg cm™, respectively). The Chorro plot is dominated primarily by canopy palms (Colpothrinax
aphanopetela), but also contains the AM focal species Podocarpus oleifolius (~8% of basal area). The
Honda B plot is dominated by the EM emergent canopy tree Oreomunnea mexicana (Juglandaceae),
which accounts for 42% of the basal area of the plot. The Hornito plot supports a species rich assemblage
that includes AM, EM, and NM tree species, including Mollinedia (0.3% of basal area) and Roupala (2%
of basal area), but lacks Podocarpus and contains a relatively low abundance of Oreomunnea relative to

Honda B (Anderson et al. 2010; J. Dalling unpublished data).

Plant species collection

Four focal tree species representative of different root morphologies and/or mycorrhizal association were
chosen for both of our experiments (Table 1). Sixty seedlings from the same cohort (<1 year old) of each
species were selected to minimize differences in initial size in February of 2010, and were transplanted to
the greenhouse. Seedlings were harvested from live soils where they reached abundances sufficient to
allow for replication in our two experiments. We did not include a cohort grown in sterile soil as a control
as we were not attempting to quantify the relative contribution of plant, mycorrhizal fungi, and other root
associated microbes to plant nutrition and phosphatase activity. While this approach lacks precision in
terms of the influence of specific host-microbial interactions, it does sample a composite of ecologically
relevant interactions that potentially influence growth and resource acquisition among our four tree

species under natural conditions (e.g., mycorrhizal fungi, symbiotic and free-living bacteria).

Mycorrhizal Colonization Assays
At the end of the two experiments, we harvested five 10 cm fine root segments from each plant. Roots
were put in cassettes and then cleared in 10% KOH at 90 °C for several hours and leached in H,O, for up

to 30 min or until completely transparent. The roots were then acidified in 2% HCI for 30 min and stained
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in trypan blue for 1 hour. Finally the roots were preserved in acidified glycerol. Percent infection of EM
and AM fungi was quantified for each root using the protocol outlined in McGonigle et al. (1990). Using
200x magnification, presence of infection was scored at 1 mm intervals for the entire length of the root
section. We scored vesicles, arbuscules, and AM hyphae as positive AM encounters (Brundrett 2009;
Treseder 2013) while the EM Hartig net and external mantel were scored as positive EM encounters
(Brundrett 2004). Separate quantification of AM arbuscules was not possible due to difficulty detecting
these structures in our stained root samples. The percentage of infection was calculated as the ratio of 1

mm intervals that contained AM or EM fungal structures to the total number of intervals observed.

For the root phosphatase assays we were interested only in the infection of the root segments (2-3
cm) that were exposed to enzyme substrates. For the AM species, we considered root segments colonized
by AM fungi if they contained vesicles, arbuscules, or AM hyphae. Dried roots were rehydrated in water
overnight prior to clearing and staining (Hetrick, Wilson, & Hartnett 1989). For the EM species
(Oreomunnea), we assayed only infected root segments, although we selected these at random and

without respect to EM morphology or exploration type.

Experiment 1: Phosphatase Assays

To assay phosphomonoesterase and phosphodiesterase 10—14 individuals of each species were potted for
10 months in field soil from the sites from which they were collected before roots were harvested for
analysis. The assay was based on a protocol modified from Antibus, Sinsabaugh, & Linkins (1992) and
focuses on the activity of surface-bound and extra-cellular acid phosphatases associated directly with
plant roots and the fungal mantle (in EM plants). Plant roots were rinsed gently in deionized water and
adhering soil particles removed with forceps. For each plant, five terminal fine root segments (5 cm) were
placed in 4.9 mL of 20 mM acetate buffer adjusted to pH 5.0 and incubated at 26°C in a shaking water
bath. Assays were initiated by the addition of 0.1 mL of 25 mM substrate (final concentration 0.5 mM) of

either para-nitrophenyl phosphate (phosphomonoesterase substrate; Fisher Scientific, Pittsburgh, PA) or
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bis-para-nitrophenyl phosphate (phosphodiesterase substrate; Sigma-Aldrich, St Louis, MI), and
incubated for 45 minutes. A blank (roots but no substrate) and a control (substrate but no roots) were
included with each assay to correct for color not originating from phosphatase activity. To terminate the
reaction, 0.5 mL of the assay solution was added to 4.5 mL of 0.125 M NaOH. Absorbance was
determined at 405 nm against para-nitrophenol standards between 0 and 10 pM. Roots were dried at
105°C for 24 h to determine dry mass. Enzyme activity was expressed as pmol product mg" dry root

mass h™.

Experiment 2: Seedling Growth and Allocation Experiment

To determine how plant performance varied when grown with different P sources, eight seedlings of each
species were assigned to each of five treatments. Source seedlings were grown in the pots containing soil
from their source of origin and were transplanted 1-2 weeks after collection into the treatments. At
transplant roots were gently washed with water and the seedlings transferred into 1 L pots (8.3 cm
diameter x 40 cm height containers) filled with acid washed sand along with ~1 mL of the original live
soil. Seedlings were assigned to treatments to minimize differences in mean stem height and leaf number
among treatments. The experiment was conducted during the wet season in lower montane forest
with a high frequency to cloud immersion and >4000mm rainfall per year. All plants were grown at
the Fortuna Forest Reserve in a 4 x 8 meter greenhouse under shade cloth, which reduced PAR to ~18%
of that found under open sky, approximating light conditions found under small gaps in the forest canopy.
Maximal temperature variation in the greenhouse was between 17°C at night and up to 36 °C during
midday sunny periods. Treatments differed in the supply of P, provided as: (1) inorganic orthophosphate
(2) a simple phosphomonoester (glucose 6-phosphate), (3) sodium phytate (sodium salt of myo-inositol
hexakisphosphate), (4) a phosphodiester (RNA), and (5) a P-free control (No-P) (Table 2). Initial stem
height and leaf number were recorded for each replicate for use as potential covariates. Six additional
seedlings of each species were harvested before the experiment began to estimate initial seedling mass

and allocational variables (Table 3). Plants of the same species and treatment were grouped together in
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individual racks containing eight replicated each, which were distributed randomly on two benches and
rotated every five days so that each rack occupied each position in the greenhouse for an equal amount of

time.

Experimental and control plants were fertilized on alternate days with 30 mL of a solution containing all
essential nutrients. First, a no-P nutrient stock solution was prepared using Scott’s Dark Weather Feed®
fertilizer (Scott's MiracleGro, Maryville, Ohio), supplemented with MgSO,. For the P treatment solutions,
a solution of the appropriate chemical form of P was added to the nutrient stock before fertilization (Table
2). Additionally, every three days each plant received 30 mL of rainwater collected adjacent to the
greenhouse. After ~3.5 months, plants were harvested and leaf area measured using a flatbed scanner.
Plants were dried at 70°C for 24 h and weighed. Foliar P was determined by ignition (550°C, 1 h) and
acid digestion (1 M H,SO,), with phosphate detection by automated molybdate colorimetry.
Plant dry mass was used to calculate relative growth rate (RGR),

In(M, -M,
ror ="M =MD
dt

where My is final mass, M; is initial mass estimated as the average dry mass of the pre-experimental
harvest, and dt is the duration of the experiment in days. Leaf area was calculated as the difference
between initial and final leaf area, where initial leaf area was estimated as the mean leaf area of the pre-
experimental cohort for each species separately (Table 3). Specific leaf area was calculated as the ratio of

total leaf area over dry mass.

Statistical Analysis

For experiment 1, differences in phosphomonoesterase and phosphodiesterase activity among species and
root forms were analyzed using ANOVA with post-hoc comparisons made using Fisher’s least significant
difference (LSD). The same analysis was conducted on differences in dry mass, total and specific leaf

area, and foliar P concentration among species from the pre-experimental harvest from experiment 2. For
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species exposed to different chemical forms of P in experiment 2, differences in relative growth rate, total
and specific leaf area, and foliar P were analyzed in ANOVA with species and treatment used as model
variables and initial height and number of leaves used as covariates. In addition, for each species x
dependent variable combination, linear models were used to assess the significance of treatment
responses relative the no-P control (intercept). All analyses were performed using R version 2.15.3 (R

Core Team, 2013).

Results
Mycorrhizal Colonization Assays
No mycorrhizal fungi were observed in roots of Roupala, confirming its non-mycorrhizal status. There
were significant differences among the mycorrhizal tree species in percentage root length colonized by
mycorrhizal fungi: Oreomunnea (EM) 63%, Podocarpus (AM) 37%, and Mollinedia (AM) 18%. Root
length colonized within individual P treatment groups from experiment 1 was highly variable
(supplementary figure 1). We performed an ANOVA on the colonization percentages with plant species
and P treatment as fixed factors. Plant species differed significantly in their extent of colonization,
whether we compared all three mycorrhizal tree species (F, 19=13.7, p<0.001), or just the two AM tree
species (F; =8.7, p<0.01), while there were no significant treatment or species X treatment interaction
effects in either model.

We recorded similar levels of colonization in the enzyme assay roots as those observed in the
growth-experimental plants (20% infected roots in Mollinedia and 33% in Podocarpus, and no infection
in Roupala). We found no significant differences in the frequency of AM structures among treatments or

between AM species (Chi-square test, p>0.05).

Initial Measures
Oreomunnea (EM) seedlings were larger than the three other species, with significantly greater initial

mass and total leaf area. Leaves of Mollinedia had significantly greater SLA than those of Podocarpus,
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while the other species did not differ significantly from one another. Roupala had markedly greater foliar
P than the other species, with approximately three times the P concentration of Oremmunea (EM) and

twice the foliar P of Mollinedia and Podocarpus (both AM) (table 3).

Experiment 1: Phosphatase Assays

Overall, there were significant differences among species in phosphatase activity. Roupala (NM)
produced significantly greater phosphomono- and phosphodiesterase activity than the other focal species
(Figure 2a-b). Roupala root clusters produced significantly greater phosphomonoesterase than fine roots
excised from the same seedlings (Figure 2a), while values did not differ for phosphodiesterase (Figure
2b). The AM species Podocarpus and Mollinedia did not differ in either phosphomono- or
phosphodiesterase activity, while Oreomunnea (EM) expressed twice the phosphomonoesterase activity
of Podocarpus and Mollinedia, these differences were marginally significant (p=0.10 and 0.06,
respectively; Figure 2b). There were no significant differences between infected and uninfected root

segments of the arbuscular mycorrhizal tree species for either phosphatase assay.

Experiment 2: Seedling Growth and Allocation Experiment

Seedlings of our study species showed a diversity of responses to experimentally applied P sources (Table
4). However, of particular interest for this study was whether species differed in their responses to
different P sources, manifested as a species x treatment interaction. We found highly significant species x
treatment interaction effects (p<0.001) for all dependent variables (Figure 3a-d).

The growth rate of the AM species was significantly enhanced with the addition of inorganic P and
marginally inhibited by RNA. Mollinedia (AM) differed from Podocarpus in exhibiting greater growth in
the glucose phosphate treatment than the No-P control (p=0.06) (Figure 3a). A similar pattern was
observed for leaf area, although inhibition in the RNA treatment was insignificant for both AM species
(Figure 3b). In contrast, Oreomunnea (EM) growth and leaf area was largely insensitive to differences in

P form, with the exception of significant inhibition by RNA causing negative growth (Figure 3a) and
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change in leaf area (Figure 3b), indicating a net loss in plant biomass over the experimental period. The
growth rate of Roupala (NM) was highest in the phytate treatment, but this difference was not significant
due to the high growth rate maintained by plants in the no-P control (Figure 3a). Six of eight Roupala
seedlings in the No-P controls developed root clusters, while this occurred in none of the seedlings in the
other treatments. Roupala seedlings in the phytate treatment developed nearly three times the leaf area
(Figure 3b) and twice the specific leaf area relative to plants in the no-P control (Figure 3c).

Foliar P patterns for all of the mycorrhizal tree species were significantly greater than the control
in the RNA, glucose phosphate, and inorganic phosphate treatments (Figure 3d). Roupala (NM) was
unique among the tree species in exhibiting significantly greater foliar P in the phytate treatment, with
greater than twice the foliar P as the no-P control (Figure 3d). Although Podocarpus (AM) had
marginally greater foliar P in the phytate treatment relative its no-P control (p=0.06), it exhibited low but

variable growth when limited to phytate (Figure 3a).

Discussion

Our study demonstrates that non-mycorrhizal Roupala exhibited both a markedly greater ability to
mineralize mono- and diester-P than coexisting mycorrhizal tree seedlings and a unique ability to exploit
phytate, the most metabolically expensive form of organic P presented in our experiment (Turner 2008)
(Figure 1). In contrast, we failed to find evidence for differences in the ability to exploit organic P
between ecto- and arbuscular mycorrhizal tree seedlings. Although the fungal roots of ectomycorrhizal
tree seedlings expressed twice the phosphomonoesterase activity as the fine roots of an arbuscular
mycorrhizal angiosperm and conifer, this difference did not translate into growth or nutritional benefits
when seedlings with comparable mycorrhizal infection were limited to organic P. An analysis of foliar P
levels suggests that the lack of growth benefit in ectomycorrhizal seedlings was not related to P
limitation, as both the arbuscular and ectomycorrhizal species had significantly greater P levels in
monoester, diester, and inorganic P treatments relative to their no-P controls. Similarly, differences within

the arbuscular mycorrhizal group suggest that both species exhibited similar competencies for exploiting
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organic P, with Mollinedia somewhat better able to augment growth and leaf development when limited
to monoester P. Overall, our results present strong evidence for the potential of non-mycorrhizal and
mycorrhizal tree species to exploit different fractions of the soil P pool, while suggesting that the
mycorrhizal tree species exploit similar forms of P despite exhibiting a diversity of growth responses.
Studies from arctic tundra found that competitively dominant plant species specialize to acquire
chemical forms of soil N that constitute the largest fraction of the total N pool (McKane et al. 2002;
Ashton et al. 2010). Podocarps are known to dominate very low P soils with high proportions of organic P
in phosphodiester and phytate forms (Turner et al., 2007; Turner, 2008). Thus, we hypothesized that
podocarps would have a greater potential for exploiting recalcitrant organic P relative to other AM tree
species. However we found no evidence to support this hypothesis—the two AM tree species studied here
had nearly identical phosphatase activity, while Mollinedia (AM) was better able to grow and develop
leaves when limited to monoester P. Several studies in tropical systems have failed to find a relationship
between plant species distribution and preferred forms of soil N (e.g., Andersen & Turner 2013; Russeo et
al. 2013), suggesting that plants’ preferences for chemical fractions of a total nutrient pool cannot always

be predicted by edaphic specialization alone.

Podocarps house AM fungi in specialized root nodules, an adaptation that increases the volume of
root cortex available for mycorrhizal fungal colonization while minimizing the cost of producing new cell
wall and membrane material (Dickie & Holdaway 2011). This unique root morphology may explain in
part why Podocarpus had nearly twice the AM fungal infection of Mollinedia. Although differences in
AM fungal colonization are widely associated with significant increases in host performance, the
proportion of variation in growth and P acquisition explained by differences in root length colonized is
generally low (e.g., around 10% in a meta-analysis by Treseder 2013). Thus, it is not particularly unusual
that the greater root infection rate in Podocarpus did not appear to influence seedling performance in our
first experiment. This may simply reflect the low ability of AM fungal hyphae relative to plant roots to

mineralize organic P (Dodd et al. 1987; Tarafdar & Marschner 1994; Joner, van Aarle, & Vosatka 2000).
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Alternatively, our sampling of seedlings root systems may have failed to detect the functional components
of mycorrhizal fungi associated with P acquisition. For example, our measurements of root length
colonized did not include the external absorptive structures (extraradical mycorrhizal hypha), nor
differentiate between parts of mycorrhizal fungi associated with resource storage (vesicles), transfer
(internal hypha), and exchange (arbuscules)—a relatively common (e.g., Treseder 2014; Brundrett 2004),
if unfortunate limitation. Further, our sampling design relied on intensive sampling of a small number of
large (~10 cm) contiguous root segments, rather than on a larger number of smaller root segments. This
approach has the potential to over-estimate root length colonized in some samples due to repeated
observations of the same continuous AM symbiont, which may have contributed to the lack of difference

in root length colonized observed among P treatments in our first experiment.

Our finding that ectomycorrhizal roots have greater phophomonoesterase activity than arbuscular
mycorrhizal roots is consistent with several comparative studies (e.g., Antibus, Bower, & Dighton 1997;
Phillips & Fahey 2006). Surprisingly, while the phosphomonoesterase assay suggests that EM tree species
have a greater ability than AM tree species to exploit organic P, the rest of our results imply otherwise.
Ectomycorrhizal root tips of Oreomunnea had, on average, slightly less phosphodiesterase activity than
root tips from the AM tree species. Further, in our P addition experiment Oreomunnea differed from the
AM tree species primarily in exhibiting a markedly more negative reaction to RNA (e.g., a net loss of leaf

area over the course of the experiment).

The growth responses of Oreomunnea (EM) seedlings were largely insensitive to P nutrition.
This is consistent with a finding by Moyersoen, Alexander, & Fitter (1998), who found that EM fungal
colonization increased P uptake but had no impact on the growth of tropical trees. Although EM trees
have been broadly characterized as more capable of exploiting nutrients in organic forms than AM trees
(Phillips, Brzotek, & Midgely 2013), our findings challenge both the generality of this phenomenon and

its relevance to ecological niche partitioning. Previous studies in mixed AM and EM forests have failed to
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find evidence for niche-differentiation in the spatial distribution of infected roots (Moyersoen, Fitter, &
Alexander 1998) or in the distribution of tree species in different soil types (Moyersoen, Becker, &
Alexander 2001). While our results suggest that while Oreomunnea (EM) may be better able to
mineralize some organic P substrates, we can suggest no conditions of soil P that would enhance
Oreomunnea seedling performance relative to those of the AM or NM trees we investigated.

Our finding that Roupala (NM) has a considerable capacity for mineralizing organic P is
consistent with several studies conducted on the Proteaceae (Adams & Pate, 1992: Watt & Evans, 1999;
Lambers et al. 2011). Our result is unique in comparing the organic P use of Proteaceae to coexisting tree
species representing different functional groups of mycorrhiza. However, interpreting Roupala’s potential
to exploit different P forms is complicated by the high growth rate it maintained in the no-P control,
which was likely supported by initial P-reserves. Roupala had markedly greater foliar-P concentrations
potentially available for remobilization to growing tissue relative to the other species at the beginning of
the experiment. While this also should have impacted Roupala in the phytate treatment, responses to the
control and phytate groups were qualitatively different. For example, Roupala maintained three times the
leaf area in the phytate treatment relative to the control, although overall biomass differences between
these treatments remained small because leaves in the phytate treatment had twice the SLA. Further,
Roupala in the phytate treatment had twice the foliar P of the controls, while the no-P controls were the
only treatment to develop root clusters, which is a physiological response to extreme P limitation in
Proteaceae (Watt & Evans 1999). Together, these results suggest Roupala reaped several qualitative
benefits from phytate, while seedlings in the no-P control made efficient use of initial reserves but began
responding to P starvation by the end of the experiment.

Although Proteaceae trees are rare in the Fortuna Forest Reserve (0.4 % of individuals >10 cm
DBH; J. Dalling, unpublished data), P partitioning between mycorrhizal and non-mycorrhizal trees likely
plays an important role in other forest systems. For example, Proteaceae are common in forests in central
and southern Chile, where they are specialized on newly formed volcanic soils and glacial moraines that

are high in P bound in forms with low bio-availability (i.e., sorbed to Al and Fe oxides) (Borie & Rubio
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2003). Lambers et al. (2012) suggested that Proteaceae on these soils act as ecosystem engineers,
mobilizing large pools of recalcitrant phosphate and converting and reintroducing it into the soil via leaf
litter composed of relatively more labile P. This process facilitates the coexistence of Proteaceae and
mycorrhizal tree species that are specialized to acquire P at a low cost of acquisition. Our results
demonstrate that Roupala, but none of the mycorrhizal tree species, was able to exploit phytate-P,
suggesting yet another large pool of soil P exists for mobilization.

The depressed growth and leaf area amongst mycorrhizal tree species when limited to
phosphodiesters (RNA) as a P source is not caused by P-deficiency. All of the species produced
significant phosphodiesterase activity and had significantly greater foliar P concentration in the
phosphodiester treatment than in the no-P control. It appears that either phosphodiesters posed a
formidable metabolic cost for plants to acquire or possibly produced a toxic effect inhibiting plant
growth. It is remarkable to note that although the four plant species investigated here mineralized diester-
P at around one tenth the rate of monoester-P, they exhibited greater foliar P concentrations in the RNA
relative to the glucose phosphate treatments [~60 and 70% greater in Oreomunnea (EM) and Roupala
(NM), respectively]. Although it is possible that the negative response to RNA is an experimental artifact
of unknown origin, we note that growth depression (% growth and leaf area reduction relative to controls)
in the RNA treatment was least in Roupala (NM) and greatest in Oreomunnea (EM), the species with the
highest and lowest phosphodiesterase activity, respectively. If root mineralization mitigates the growth
inhibition of RNA, this would explain why Roupala (NM) was able to maintain similar growth and leaf
development in the RNA treatment relative to the glucose and inorganic phosphate treatments. This is of
potential ecological importance, as plants may encounter large pools of nucleic acid P, particularly in
strongly weathered soils where it forms a large proportion of the total organic P (Turner et al., 2007;
Turner & Engelbrecht 2011).

We found evidence for differences in the forms of soil P that can be exploited by plant species
belonging to two coarsely divided functional groups—mycorrhizal and Proteaceae trees. Similarly,

Ahmad-Ramli et al. (2013) found differences in the capacity of an arbuscular and ericoid mycorrhizal
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plant species to acquire P from simple monoester or phytate-P. These examples of marked differences in
preference for different forms of soil P between functional groups contrasts with studies that have failed
to find evidence of P partitioning and niche complementarity among plant and fungal species within the
AM functional group (Reynolds et al. 2006; Vogelsang, Reynolds, & Bever 2006). The evidence thus far
suggests that P partitioning applies primarily at a coarse level among functional groups of plants.

Our assays of phosphatase activity, although consistent with previous comparative work (e.g.,
Antibus, Bower, & Dighton 1997; Tederesoo et al. 2012), involved the removal of terminal root segments
and were likely disruptive of fungal hypha. In the case of AM plants, roots often express markedly greater
phosphatase activity than hypha (Joner, van Aarle, & Vosatka 2000), such that our assays represent the
bulk of the plant-fungal activity. In contrast, our assays may underestimate the potential of EM fungi to
mineralize organic P, as both the fungal mantle and extra-radical hypha can express high phosphatase

activity (Finlay 2008; but see Tedersoo et al. 2012).

By conducting our study in a montane forest, we were able to study several different types of
mycorrhizal association that are hypothesized to differ in their capacity for organic P exploitation.
However, our experimental design involved isolating seedlings from one another, and thus excluded the
influences of competition (e.g., Ahmad-Ramli et al. 2013) and facilitation among multiple hosts (e.g., Li,
Zhang, & Tang 2004) and the formation of common hyphal networks (e.g., Simard & Durall 2004), all of
which may influence organic P acquisition under field conditions. Further, while our selection of focal
tree species represents one of only two non-mycorrhizal trees in the Proteaceae, and the only abundant
ecto-mycorrhizal tree at Fortuna, we compared only two AM tree species for which we had strong a
priori expectations for different responses to organic P. More extensive comparative studies within the
AM functional group may yet reveal a stronger potential for soil P partitioning, while studies on how
potential to exploit P from different chemical forms influences species performance under field conditions
(e.g., P tracer studies with multiple P sources under field conditions) are necessary to elucidate the

ecological relevance of P partitioning. With these caveats, we suggest that Proteaceae trees can exploit
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forms of organic P that are unavailable to mycorrhizal tree species, a process with the potential to

facilitate the coexistence of these functional groups.
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Table 1. Focal species for enzyme assays and growth experiment organized by family, mycorrhizal
status, geographic distribution (Accessed through GBIF Data Portal, data.gbif.org, 2012-04-09),

and collection site at the Fortuna Forest Reserve.

Species Family Mycorrhizal status Distribution Collection site
Mollinedia Monimiaceae Arbuscular Costa Rica to Hornito
darienensis mycorrhizal southern Colombia
Podocarpus Podocarpaceae Arbuscular Southern Mexico, Chorro
oleifolius mycorrhizal within throughout Central
nodulated roots America, and along
western South
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America into Bolivia

Oreomunnea Juglandaceae Ectomycorrhizal Southern Mexico to Honda B
mexicana central Panama
Roupala montana | Proteaceae Nonmycorrhizal— Southern Mexico, Hornito

forms cluster roots

throughout Central
America, into

southern Brazil

Table 2. The concentration (mM) and chemical form of all macro and micronutrients in the

hydroponic feed solution. Note that experimental treatments received one of the four possible forms

of P, while the different forms of N were provided simultaneously (percentages indicate the relative

mass of each form).

Nutrient

Phosphorus (P)

Nitrogen (N)

Potassium (K)

Magnesium (Mg)

Chemical Form

1. Sodium phosphate monobasic
(Sigma S0761)

2. D-glucose 6-phosphate
disodium salt hydride (Sigma
G7250)

3. myo-Inositol hexakisphosphate
(Sigma P0O109)

4. RNA from torula yeast (Sigma
R6625)

82.6 % nitrate
13.9% urea
3.5% ammonia
Potassium nitrate

Magnesium sulfate
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Concentration in feed solution
(mM)

0.833

249

8.95

2.00




Sulfur (S)
Calcium (Ca)
Iron (Fe)
Manganese (Mn)
Copper (Cu)
Boron (B)

Zinc (Zn)

Molybdenum (Mo)

Magnesium sulfate

Calcium nitrate

Fe-EDTA

Mn-EDTA

Cu-EDTA

Boric acid

Zn-EDTA

Ammonium molybdate

16.4

6.40

0.021

0.011

0.001

0.015

0.001

0218

Table 3. Mean values (and standard errors) for all variables from the initial, pre-experimental

harvest (n=8). Different letters indicate significant differences among species according to Fisher’s

LSD (p<0.05).

Species Mass (g) Leaf area (cm?) SLA (cm” mg'l) Foliar P (ppm)
Mollinedia (AM) 0.20(0.02) b 20.87 (2.54) b 0.26 (0.01)a 1.04 (0.06) a
Podocarpus (AM) 0.13(0.03)b 11.58 (2.58) b 0.21 (0.02) b 0.92(0.19) a
Oreomunnea (EM) 1.51(0.32)a 131.30 (21.33) a 0.24 (0.01) ab 0.49 (0.04) a
Roupala (NM) 0.21 (0.07) b 20.30 (4.20) b 0.24 (0.01) ab 3.08 (0.58)b

Table 4. F-table for ANOVA of all dependent variables, with initial number of leaves and height

entered as covariates

Model Statement
Dependent Variable Species Treatment Species x Initial Leaf | Initial
(df=3) (df=4) Treatment #(df=1) Height
(df=12) (df=1)
Relative growth rate 31.3%%* 12,97 2.3% 4.5% 36
Leaf area 14.0%%* 10.5%%* 6.3%** 1.8 0.1
Specific leaf area 2410 3.1% 2.6%%* 0.1 1.5
Foliar P 19.77%%*%* 38.9%#% 6.6%*** 0.7 0.3

[ p<0.10, * p<0.05, ** p<0.01, *** p<0.001
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Figure 1. A conceptual figure adapted from Turner (2008) displaying examples representative of
common functional groups of soil P along a gradient of increasing cost of acquisition, determined
by the metabolic cost of synthesizing and exuding phosphatase enzymes and organic acids capable

of mineralizing and solubilizing organic P, respectively.

Figure 2a-b. Boxplots of root/mycorrhizal a) phosphomonoesterase and b) phosphodiesterase
activity expressed as the release of para-nitrophenol (pNP) per hour and root dry mass for
Mollinedia (AM), Podocarpus (AM), Oreomunnea (EM), Roupala fine roots (NM) and Roupala root
clusters (NM), with different letters indicating significant differences according to Fisher’s LSD

(p<0.05).

Figure 3a-d. Mean values +/- standard error for (a) relative growth rate, (b) leaf area, (c) specific
leaf area, and (d) foliar P. Within each species, treatments with significant or marginally significant
differences from the no-P control are indicated with either * (p<0.05) or (1 (p<0.10), respectively,

according to analysis of variance using linear models.

Supplemental Figure 1. Mean root length colonized +/- standard error for the three mycorrhizal
tree species, with different letters indicating significant differences among species according to

Fisher’s LSD (p<0.05).

Works Cited

Adams, M.A, & Pate, J.S. (1992) Availability of organic and inorganic forms of phosphorus to lupins
(Lupinus spp.). Plant and Soil, 145, 107-113.

Ahmad-Ramli, M.F., Cornulier T., & Johnson D. (2013) Partitioning of soil phosphorus regulates
competition between Vaccinium vitis-idaea and Deschampsia cespitosa. Ecology and Evolution,

3,4243-4252.

This article is protected by copyright. All rights reserved.



Andersen, K.M., & Turner, B.L. (2013) Preferences or plasticity in nitrogen acquisition by understorey
palms in a tropical montane forest. Journal of Ecology, 101, 819-825.

Andersen, K.M., Endara, M.J., Turner, B.L., Dalling, J.W. (2012) Trait-based community assembly of
understory palms along a soil nutrient gradient in a lower montane tropical forest. Oecologia,
168, 519-531.

Andersen, K.M., Turner, B.L., & Dalling, J.W. (2010) Soil-based habitat partitioning in understory palms
in lower montane tropical forests. Journal of Biogeography, 37, 278-292.

Antibus, R.K., Sinsabaugh, R.L., & Linkins, A.E. (1992) Phosphatase activities and phosphorus uptake
from inositol phosphate by ectomycorrhizal fungi. Canadian Journal of Botany, 70, 794-801.

Antibus, R.K., Bower, D., Dighton, J. (1997). Root surface phosphatase activities and uptake of 32p_
labelled inositol phosphate in field-collected gray birch and red maple roots. Mycorrhiza, 7, 39-
46.

Ashton, LW, Miller, A.E., Bowman, W.D., Suding, K.N. (2010) Niche complementarity due to plasticity

in resource use: plant partitioning of chemical N forms. Ecology, 91, 3252-3260.

Borie, F., & Rubio, R. (2003) Total and organic phosphorus in Chilean volcanic soils. Gayana Botany,
60, 69-73.

Brundrett, M.C. 2004. Diversity and classification of mycorrhizal associations. Biol Rev Camb Philos
Soc, 79, 473-495.

Brundrett, M.C. 2009. Mycorrhizal associations and other means of nutrition of vscular plants:
understanding the global diversity of host plants by resolving conflicting information and
developing reliable means of diagnosis. Plant Soil, 320, 37-77.

Cavelier, J., Solis, D., & Jaramillo, M.A. (1996) Fog interception in montane forest across the central
cordillera of Panama. Journal of Tropical Ecology, 12, 357-369.

Crawley, M.J. (2007) The R Book. , Hoboken, New Jersey: John Wiley & Sons, Ltd.

This article is protected by copyright. All rights reserved.



Dickie, I.A., & Holdaway, R.J. (2011) Podocarp roots, mycorrhizas, and nodules. in B. Turner, and L.
Cernusak (eds) Tropical Podocarps, Washington, DC: Smithsonian Contributions.

Dodd, J.C., Burton, C.C., Bruns, R.G., & Jeffries, P. (1987) Phosphatase activity associated with the roots
and the rhizosphere of plants infected with vesicular arbuscular mycorrhizal fungi. New
Phytologist, 197, 163-172.

Douds, D., Pfeffer, P., & Shachar-Hill, Y. (2000) Application of in vitro methods to study carbon uptake
and transport by AM fungi. Plant and Soil, 226, 255-261.

Finlay, R.D. (2008). Ecological aspects of mycorrhizal symbiosis: with special emphasis on the functional
diversity of interactions involving the extraradical mycelium. Journal of Experimental Botany,
59, 1115-1126.

Harrison, A.F. (1987) Soil organic phosphorus: a review of world literature. Wallingford, England: CAB
International.

Hetrick, B.A.D., Wilson, G.W.T., Hartnett, D.C. (1989) Relationship between mycorrhizal dependency
and competitive ability of two tallgrass prairie grasses. Canadian Journal of Botany, 67, 2608-
2615.

Joner, E.J., van Aarle, LM., & Vosatka, M. (2000). Phosphatase activity of extra-radical arbuscular
mycorrhizal hyphae: a review. Plant and Soil, 226, 199-210.

Koide, R.T., & Kabir, Z. (2000) Extraradical hyphae of the mycorrhizal fungus Glomus intraradices can
hydrolyse organic phosphate. New Phytologist, 14, 511-517.

Lambers, H., Shane, M.W., Cramer, M.D., Pearse, S.J., & Veneklaas, E.J. (2006) Root structure and
functioning for efficient acquisition of phosphorus: matching morphological and physiological
traits. Annals of Botany, 98, 693-713.

Lambers, H., Raven, J.A., Shaver, G.R., & Smith, S.E. (2008) Plant nutrient-acquisition strategies change

with soil age. Trends in Ecology and Evolution, 23, 95-103

This article is protected by copyright. All rights reserved.



Lambers, H., Finnegan, P.M., Laliberté, E., Pearse, S.J., Ryan, M.H., Shane, M.W., & Veneklaas, E.J.
(2011) Phosphorus nutrition of Proteaceae in severely phosphorus-impoverished soils: are there
lesson to be learned for future crops? Plant Physiology, 156, 1058-1066.

Lambers, H., Bishop, J.G., Hopper, S.D., Laliberté, E., & Zuiiga-Feest, A. (2012) Phosphorus-
mobilization ecosystem engineering: the roles of cluster roots and carboylate exudation in young
P-limited ecosystems. Annals of Botany, 110, 329-348.

Li S.M., Li L., Zhang F.S., Tang C. (2004) Acid phosphatase role in chickpea/ maize intercropping. Ann
Bot, 94, 297-303

Marschner, H. (1995) Mineral Nutrition of Higher Plants. Academic Press, MS.

McGonigle, T.P., Miller, M.H., Evans, D.G., Fairchild, G.L., & Swan, J.A. (1990) A new method which
gives an objective-measure of colonization of roots by vesicular arbuscular mycorrhizal fungi.
New Phytologist, 115, 495-501.

McKane, R.B., Johnson, L.C., Shaver, G.R., Nadelhoffer, K.J., Rastetter, E.B., Fry, B., Giblin, A.E.,
Kielland, K., Kwiatkowski, B.L., Laundre, J.A., et al. (2002) Resource-based niches provide a
basis for plant species diversity and dominance in arctic tundra. Nature, 415, 68-71.

Meziane, D., & Shipley, B. (2001) Direct and indirect relationships vary with soil conditions in temperate
shrubs and trees. Acta Oecologica, 24, 209-219.

Moyersoen, B., Becker, P., & Alexander, 1.J. (2001) Are ectomycorrhizas more abundant than arbuscular
mycorrhizas in tropical heath forests? New Phytologist, 150, 591-599.

Moyersoen, B., Alexander, 1.J., & Fitter, A.H. (1998). Phosphorus nutrition of ectomycorrhizal and
arbuscular mycorrhizal tree seedlings from a lowland tropical rain forest in Korup National Park,
Cameroon. Journal of Tropical Ecology, 14, 47-61.

Moyersoen, B., Fitter, A.H., & Alexander, L.J. (1998) Spatial distribution of ectomycorrhizas and
arbuscular mycorrhizas in Korup National Park rain forest, Cameroon, in relation to edaphic
parameters. New Phytologist, 139, 311-320.

Oelmann, Y., Temperton, V.M., Buchmann, N., Roscher, C., Schumacher, J., Schulze, E.D., Weisser,

This article is protected by copyright. All rights reserved.



W.W., & Wilcke, W. (2007) Soil and plant nitrogen pools as related to plant diversity in an
experimental grassland. Soil Sci. Soc. Am. J., 71, 720-729.

Phillips, R.P., & Fahey, T.J. (2006) Tree species and mycorrhizal associations influence the magnitude of
rhizosphere effects. Ecology, 87, 1302-1313.

Phillips, R.P., Brzostek, E., & Midgley, M.G. (2013) The mycorrhizal-associated nutrient economy: a
new framework for predicting carbon-nutrient couplings in temperate forests. New Phytologist,
199, 41-51.

Reynolds, H.L., Vogelsang, K.M., Hartley, A.E., Bever, J.D., & Schultz, P.A. (2006) Variable responses
of old-field perennials to arbuscular mycorrhizal fungi and phosphorus source. Oecologia, 47,
348-358.

Richardson, S.J., Peltzer, D.A., Allen, R.B., McGlone, M.S., & Parfitt, R.L. (2004) Rapid development of
phosphorus limitation in temperate rainforest along the Franz Josef soil chronosequence.
Oecologia, 139, 267-276.

Russo, E.E., Kochsiek, A., Onlney, J., Thompson, L., Miller, A.E., Tan, S. (2013) Nitrogen uptake

strategies of edaphically specialized Bornean tree species. Plant Ecology, 214, 1405-1416.

Shipley, B., & Meziane, D. (2002) The balanced-growth hypothesis and the allometry of leaf and root
biomass allocation. Functional Ecology, 16, 326-331.

Simard, S.W. & Durall, D.M. (2004). Mycorrhizal networks: a review of their extent, function, and
importance. Canadian Journal of Botany, 82, 1140-1165.

Smith, S.E., & Read, D.J. (2008) Mycorrhizal Symbiosis. Second Edition. London, UK: Academic Press.

Steidinger BS, Turner BL, Corrales A, Dalling JW (2014) Data from: Variability in potential to exploit
different soil organic phosphorus compounds among tropical montane tree species. Dryad Digital

Repository http://doi:10.5061/dryad.3gc55

This article is protected by copyright. All rights reserved.



Tedersoo, L., Naadel, T., Bahram, M., Pritsch, K., Buegger, F., Leal, M., Kodljalg, U., & Pdldmaa, K.
(2012) Enzymatic activites and stable isotope patterns of ectomycorrhizal fungi in relation to
phylogeny and exploration types in an afrotropical rain forest. New Phytologist, 195, 832-843.

Trafadar, J.C., & Marschner, H. (1994). Efficiency of VAM hyphae in utilization of organic phosphorus
by wheat plants. Soil Science and Plant Nutrition, 40, 593-600.

Turner, B.L., Condron, L.M., Richardson, S.J., Peltzer, D.A., & Allison, V.J. (2007) Soil organic
phosphorus transformations during pedogenesis. Ecosystems, 10, 1116-1181.

Turner, B.L. (2008) Resource partitioning for soil phosphorus: a hypothesis. Journal of Ecology, 96, 698-
702.

Turner, B.L., & Engelbrecht, B.M.J. (2011) Soil organic phosphorus in lowland tropical rain forests.
Biogeochemistry 103, 297-315.

Vance, C.P., Unde-Stone, C., & Allan, D.L. (2003) Phosphorus acquisition and use: critical adaptations
by plants for securing a nonrenewable resource. New Phytologist, 157, 423-447.

Vogelsang, K.M., Reynolds, H.L., & Bever, J.D. (2006) Mycorrhizal fungal identity and richness
determine the diversity and productivity of a tallgrass prairie system. New Phytologist, 172, 554-
562.

Watt, M., & Evans, J.R. (1999) Proteoid roots. Physiology and development. Plant Physiology, 121, 317-
323.

Weigelt, A., Bol, R., & Bardgett, R.D. (2005) Preferential uptake of soil nitrogen forms by grassland

plant species. Oecologia, 142, 627-635.

This article is protected by copyright. All rights reserved.



Common functional groups of soil P

dissolved phosphate

OH

O‘_—_F—OH
OH

Inorganic orthophosphate

simple phospho-
monoesters (labile)

OH " on

D-glucose-6-phosphate

phosphodiesters
R

R = ribonucleotides

O  oH

OH
RNA

inositol phosphate
(refractory organic P)

H,0,PO
e OPO,H,

OPOH,

H,0,PO OPO3H,

OPO,H,

myo-inositol-hexakisphosphate

(phytic acid)

Taken up directly, no hydrolysis
required

Weakly sorbed to soil cations or
dissolved in solution, requires
hydrolysis by phospho -

Two ester bonds require
hydrolysis by phosphomaono-
and phosphodiesterase enzymes

monoesterase to release phosphate g rglease phosphate

Strongly bound to soil metal
oxides (Al, Fe); requires
solubilization and hydrolysis by

Increasing cost of acquisition

This article is protected by copyright. All rights reserved.

phytase to release phosphate



a. Phosphomonoesterase

da
80_ -T
- o
. E
,'.,:60_ —1
Y b
Q
E.ﬂf[}—
— C
g N
320 ¢ c :l - o
T |
=== L

T I T

Mollinedia Podocarpus Oreomunnea Roupala

(AM) (AM) (EM)

T I

(NM) (NM)

Roupala
fine roots root clusters

b.

Phosphodiesterase

0_

(AM)

T I T T

Mollinedia Podocarpus Oreomunnea Roupala  Roupala
(AM) (EM) fine roots root clusters
(NM) (NM)

This article is protected by copyright. All rights reserved.



(b) leaf area

(a) relative growth rate 200
Onere
16 150 [CJphytate
* Clana
12 100 - lGlucose phosphate
- .Phosnhate
E 8 E 50 I *
o . " &ﬁj _ r*ﬂu‘ §
E
07 o T ' -50
* *
“ -100
(c) specific leaf area . (d) foliar P
04
*
03
- e ns ns .?' 4
o 0
NE 0.2 '2 * g % *** #*
= E
2 . # %
01
I i L ] I8 p AL ICH. b
o Mollinedic  Podacarpus Oreomunnea  Roupalo Moflinedia  Podocarpus  Oreomunnéa
[aM) (An) (EM) (NM) (Am) {an) [EM) (M)

This article is protected by copyright. All rights reserved.



