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Effects of P fertilisation rates (0, 0.56, 5.6 and 56 mg L!) on the growth and physiology of balsa seedlings
in soilless medium were examined. Phosphorus application rate significantly affected most biometric and
physiologic variables, and the greatest response occurred with the increase from 5.6 to 56 mg L. All growth
response parameters were greatest at 56 mg L1. Foliar P concentration was within sufficiency range only at
56 mg L!; therefore a minimum sufficiency level was between 5.6 and 56 mg L' applied P. All foliar macro- and
micronutrient concentrations were influenced by P supply, except Mn. Foliar P, Ca and Mg concentration
increased with increasing P, and the concentration of most other nutrient decreased. Phosphorus, N and
C content in each tissue increased with increasing P application rate due to dry mass increase. The highest
concentrations of malic, succinic and lactic acids in xylem fluid occurred at the highest P rate. Physiological
adaptations of balsa to P limitations included the preferential allocation of dry mass, P and N to plant roots,
reduced specific leaf area, and increase in P-utilisation efficiency, root phosphatase activity and foliar boron
concentration.

Keywords: Phosphorus utilisation, phosphorus fertilisation, growth parameters, nutrient-use efficiency,
macronutrients, micronutrients, root phosphatase activity, organic acids, xylem fluid

INTRODUCTION

Balsa (Ochroma pyamidale) is a fast growing, early
successional, tropical tree species characterised
by very low wood density, large leaves, rapid leaf
turnover, narrow crown and short life cycle (15
to 20 years) (Vleut et al. 2013). Balsa is a light-
demanding species, and crown competition
induces height growth; an increase in trunk
diameter is promoted after attaining optimal
height. Plants grown in infertile soils often
have lower maximum growth rates and greater
biomass allocation to roots than shoots compared
with those grown in fertile soils (Grime 2002).
Vincent and Tanner (2013) showed positive
response of balsa seedlings with increase in P
fertilisation from 5.8 to 50 kg ha! under shade
house conditions. Balsa seedlings actually
acquired more P than was quantified in the
soil by inductively coupled plasm (ICP) after
nitric acid digestion, suggesting that balsa has
very high P-acquisition efficiency (Vincent &
Tanner 2013). Rapid growth rates, strong root
system and sufficiently rigid stem are major
goals of nursery production (Shono et al. 2007).
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There are several justifications for maximising
P-utilisation efficiency in balsa. Superphosphate
and other P sources are expensive in Brazil (Cella
& Rossi 2010), mined fertiliser P sources will soon
be depleted based on current rates of usage,
and inefficient use of P can result in adverse
ecological consequences (Edixhoven etal. 2014).

Irradiance level is often cited as the most
limiting resource in tropical rain forests (Pearcy
2007), although there are often trade-offs between
radiation-use efficiency and P-use efficiency
(Gleason etal. 2011). In tropical forest ecosystems
P availability is often more limiting than N
(Vitousek 1984, Tanner et al. 1998). Holste et al.
(2011) provided data on 522 tree species in Costa
Rica and showed that irradiance level and soil
NOgy, NH," and PO, were significant predictors
of growth for 52, 32, 34 and 29% of the species,
respectively. Nutrient-use efficiency, defined as the
ratio of biomass production to nutrient uptake,
is an important determinant of plant species
distribution in soils with varying fertility levels
(Vitousek 1984, Hiremath et al. 2002).
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Plants regulate nutrient uptake by root
epidermal cells, parenchyma cells and the
casparian strip. Long-distance ion transport
occurs predominantly via the non-living xylem
vessels (Marschner 2012). Compounds (mainly
organic acids) are exuded by root epidermal cells
and facilitate P uptake from the soil (Marschner
2012). The flux of ions and organic acids in xylem
fluid are interdependent (Ferguson & Turner
1981, Clark et al. 1986). However, there are little
data on the influence of soil nutrient status on
organic acid concentrations in the rhizosphere.
Organic acids are especially important to the
uptake, transport and accumulation of PO*.

Many tropical soils have low concentrations
of bioavailable inorganic phosphate, but often
contain considerable amounts of organic P
compounds (Clinebell et al. 1995). Plants can use
organic P efficiently after the enzymatic hydrolysis
to inorganic phosphate (Tarafdar & Claassen
1988) by phosphatase enzymes that are released
by roots and microorganisms in the rhizosphere
(Das et al. 2014). There is little information
concerning the effect of root phosphatase activity
on the growth and physiology of tropical forest
tree species (Kroehler & Linkins 1988, MacFall et
al. 1991), and data on balsa could not be found.

The objective of this study was to examine
the effect of soil P supply on the regulation
of P utilisation by assessing growth, nutrient
partitioning and physiology of balsa seedlings in

Seabra CEBC et al.

the greenhouse. The variables that we examined
included plant height, stem diameter, leaf area,
leaf dry mass, stem dry mass, root dry mass,
height/diameter ratio, specific leaf area, Dickson
quality index, the partitioning of P, N and C into
plant tissues, leaf macro- and micronutrient
concentrations and contents, the concentrations
of organic acids in xylem fluid, root phosphatase
activity, P-use efficiency, N-use efficiency and
P-acquisition efficiency.

MATERIALS AND METHODS
Plant material and growing conditions

Balsa fruits were collected in June 2012, 41 km
north of Manaus, Amazon State, Brazil (2° 45'S,
60° 1' W) and air-dried. Following extraction, the
seeds were treated with 1% sodium hypochlorite
for 5 min and refrigerated till sowing in March
2013 at the North Florida Research and Education
Center in Quincy, Florida, USA (30° 33" N, 84°
36' W). There were approximately 100,000 seeds
per 1 kg, measuring 2 to 5 mm in length and
1 to 1.5 mm in width. Breaking dormancy was
accomplished by soaking seeds in boiling water
for 4 min, followed by room temperature water
for 3 hours (Barbosa et al. 2004). The seeds were
germinated in a growth chamber at 25 + 2 °C, 60
+4% relative humidity, and 12-hour photoperiod
in soilless germination medium (Table 1).

Table 1  Characteristics and phosphorus concentration of the soilless media used for germinating
balsa seeds and growing seedlings, analysed by different methods
Method Phosphorus concentration (mg L' medium)'!
Germination medium Growth medium
Extraction/digestion Analysis Mean SD Mean SD
Water Colorimetry?  EPA 365.1 10.91 0.34 0.65 0.09
Water ICP EPA 200.7 12.77 0.19 1.32 0.17
Mehlich 1 ICP EPA 200.7 29.10 1.63 2.73 0.14
Mehlich 3 ICP EPA 200.7 43.11 3.08 3.15 0.06

Canadian peat moss
Vermiculite

Perlite

pH

EC (mS cm™)
Starter fertiliser

Bulk density (g cm™)

Composition and characteristics of medium

30% 40%
55% 45%
15% 15%
6.0 5.9
0.18
Yes No
0.248 0.001

Prior to P treatment application, 2quantifies orthophosphates; ICP = inductively coupled argon plasma

spectrophotometry, SD = standard deviation
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Eight weeks following sowing, seedlings were
transferred to the greenhouse and after two weeks
of acclimation, transplanted into pots containing
3.8 L of soilless growth medium supplemented
with phosphorus at four rates (see below). The
medium was supplemented with N, K, Ca, Mg and
micronutrient fertilisers at the same rates for all
P treatments (Seabra et al. 2017). Soil moisture
was maintain at approximately 70% field capacity.
Ambient temperature varied between 21.0 and
29.9 °C at night, and 22.5 and 38.3 °C during
the day. Relative humidity varied between 63 and
100% at night, and 35 and 100% during the day.

Plants were grown under natural photoperiod.

Experimental design and treatment
application

Four P fertilisation treatments (0, 0.56, 5.6 and
56 mg P L' growth medium) were compared in
a randomised complete block design with six
replications. Each P treatment was applied to
growth medium in 10 pots per replication, before
transplanting a single 10-week old seedling (4 to
7 cm high). The four P concentrations
approximate 0, 1, 10 and 100 kg P ha' field
fertilisation rates (assuming depth to 18 cm),
intended to represent a range of P from deficiency
to adequate supply. The P was applied in the form
of finely-ground triple superphosphate (Tucci et
al. 2011) and thoroughly mixed with the growth
medium.

Seedling growth

At 11 weeks after treatment application the
seedlings were measured for growth and
destructively sampled for the concentration of
organic acids in xylem fluid, root phosphatase
activity, dry mass and nutritional status. Seedling
growth was quantified by seedling height, stem
diameter at 1 cm height, leaf area, leaf dry mass,
stem dry mass and root dry mass. Leaf area
was measured with a portable area meter on
three randomly selected seedlings per block in
each treatment. Leaves, stems, and roots were
separated and washed by hand. Tissues were
dried at 52 °C for 1 week and ground in a mill
to pass a 2-mm screen. Seedling quality indices
included height/diameter ratio, specific leaf
area (leaf area/leaf dry matter) (Huante et al.
1995) and the Dickson quality index (Dickson
etal. 1960).
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Nutritional status

Concentrations of total P, total Kjeldahl N
and organic C were determined in leaves,
stems and roots. For P quantification, 0.5 g
of oven-dried tissue was digested on a block
digester, using 5 mL HNO; + HCIO, (2:1
v/v). The P concentration in the extract was
determined with a UV-Vis spectrophotometer
at 660 nm wavelength. Nitrogen concentration
was quantified by the Kjeldahl method (Bremner
1996). Carbon concentration was determined
by the Walkley-Black method (Walkley & Black
1934). All analyses were performed according to
procedures adapted by EMBRAPA (1999). Leaf
N concentration was additionally determined
by combustion method (Colombo & Giazzi
1982). Other macro- (P, K, Ca, Mg and S) and
micronutrients (Fe, Mn, Zn, B and Cu) in leaves
were analysed using an ICP spectrophotometer

(Anonymous 1998).
Organic acids in the xylem fluid

Xylem fluid was collected with a pressure chamber
apparatus (Scholander et al. 1965) between
10 a.m. and 12 p.m. for 30 s at 0.25 MPa greater
than xylem tension (Andersen et al. 1993).
Several seedlings per block were used to obtain
1.5 mL of sample. Samples were stored at-20 °C.
The organic acids (oxalic, citric, tartaric, malic,
succinic and lactic acids) were separated and
detected by cation exchange chromatography
(Andersen et al. 1993) using HPLC. Samples in
0.015 mM H,SO, buffer were run isocratically
through an Ion-300 polymeric column at 37 °C.
Quantification was with a variable wavelength UV
detector at a wavelength of 214 nm (Andersen
etal. 1993).

P-use efficiency, N-use efficiency and
P-acquisition efficiency

Phosphorus-use efficiency was calculated by
dividing total seedling dry mass by total seedling P
content. Nitrogen-use efficiency was calculated by
dividing total seedling dry mass by total seedling
Kjeldhal N content. Phosphorus-acquisition
efficiency was calculated as total P content in
the seedling divided by the sum of P amount
supplied in the germination medium, growth
medium and the triple super phosphate. Four
P-acquisition efficiency values were calculated
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for each P fertilisation treatment using P
concentrations in the media as determined by
four different extraction/analysis protocols:
water/colorimetric, water/ICP, Mehlich 1/ICP,
Mehlich 3/ICP.

Root phosphatase activity

The method of Das et al. (2014) was used with
modification to determine phosphatase (E.C.
3.1.3.2) activity of balsa roots. The roots were
randomly selected from all 10 seedlings of each
treatment within each block and divided into five
replications for phosphatase determination. The
method was modified as follows: excised 3 to 6 cm-
long root fragments were incubated for 4 hours at
30 °C in para-nitrophenylphosphate, as a single
organic P source, and sodium acetate-acetic acid
buffer adjusted to a pH 4.5. Mineralised organic
P was quantified by the analysis of inorganic P
with a double beam UV-Vis spectrophotometer
at 880 nm wavelength (Murphy & Riley 1962).
Phosphatase activity was calculated as mg organic
P per g of root dry mass.

Statistical analysis

Statistical analyses were performed with SAS 9.3
software (2007). Analysis of variance (ANOVA)
for all dependent variables was conducted using
amixed model (proc mixed), with blocks treated
as random effect, to determine the significance
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of the P application rate effect. Critical level of
significance for ANOVA and least squares-means
comparison with Tukey adjustment was a = 0.05.

RESULTS AND DISCUSSION
Seedling growth and morphology

The range of P rates was chosen to investigate
P regulation under conditions of P deficiency.
There was strong positive response to increasing
P supply for every measured variable of seedling
growth and morphology (Table 2). The most
dramatic increase in growth was observed
between the 5.6 and 56 mg L7 levels of applied
P. There were differences between the 0 or
0.56 mg L' and the 5.6 mg L' rates for most
growth parameters, but no differences occurred
between 0 and 0.56 mg L! treatments. Increasing
P rate from 5.6 to 56 mg L! resulted in a 6- to
12-fold increase in leaf area, leaf dry mass, stem
dry mass, root dry mass, shoot dry mass and total
seedling dry mass, as well as 1.8- to 4-fold increase
in seedling height, stem diameter, and specific
leaf area. The Dickson quality index was 20 times
greater at 56 mg L' compared with the two lower
P fertilisation rates.

Phosphorous limitations were associated
with greater reduction in shoot than root dry
mass. Lower shoot:root ratio may be a plant
adaptation to utilise greater soil volume to obtain
additional P (Crick & Grime 1987, Medina

Table 2  Balsa seedlings growth parameters 11 weeks after applying four rates of phosphorus (P)
Growth parameter Unit P application rate (mg L' soilless medium) Rate effect
0 0.56 5.6 56 p value
Seedling height (H) cm 10.2 ¢ 10.6 ¢ 225b 92.6a < 0.0001
Stem diameter (D) mm 4.54 c 4.66 ¢ 8.53 b 19.66 a < 0.0001
Leaf area (LA) cm? 102 b 129 b 630 b 7297 a < 0.0001
Leaf dry mass (LDM) g 1.43b 1.55 b 5.67b 36.36 a <0.0001
Stem dry mass (SDM) g 0.42b 0.46 b 2.2b 27.23 a < 0.0001
Root dry mass (RDM) g 0.66 ¢ 0.75 ¢ 2.78 b 16.64 a <0.0001
Shoot dry mass (ShDM) g 1.84c 2.02 ¢ 7.87b 63.59 a < 0.0001
Total dry mass (TDM) g 25¢ 2.76 be 10.65 b 80.22 a <0.0001
H/D ratio cm mm’™! 22.5b 22.87b 26.44 b 47.09 a < 0.0001
Specific leaf area (SLA) cm?g’! 67 c 83 ¢ 110 b 202 a <0.0001
Dickson quality index 0.45 c 0.55 ¢ 1.95b 9.39 a <0.0001

Least squares-means within a row followed by the same letter are not significantly different at a = 0.05 using Tukey’s
adjustment for multiple mean comparisons, p < 0.05 denotes significant effect; ShDM = LDM + SDM, TDM = ShDM +
RDM, SLA = LA/LDM, Dickson quality index = TDM/(H/D + (ShDM/RDM))
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& Cuevas 1989). There was a 2- and 3-fold
reduction in plant height:stem diameter ratio
and specific leaf area respectively in response
to P deficiency. Leaf morphology can adapt to
conditions of water or nutrient stress to optimise
leaf functionality (Cramer et al. 2000). The
proportion of dry matter in the stem doubled,
and the concentration of carbon in the stem
increased from 41 to 46% with increasing
P application rate from 0 to 56 mg L!. The
structural integrity of seedlings improved with
increasing P supply, as evidenced by the 20-fold
increase in Dickson quality index in the 56 mg
L treatment. In a companion study involving P
limitations in mahogany (Swietenia macrophylla)
seedlings, the Dickson quality index was less
affected by fertilisation rate, but young mahogany
seedlings had much slower initial growth rates
(Seabra et al. 2017).

Seedling nutrition

The partitioning of total P, Kjeldahl N and C to
leaves, stems and roots of balsa seedlings was
assessed as a function of P supply (Table 3).
Total P concentration increased and Kjeldhal
N concentration decreased in all three tissues
with increasing P application rate, while C
concentration was much less affected. In all
tissues significant changes in total P and Kjeldahl
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N concentrations resulted from increasing P
application rate from 5.6 to 56 mg L1, but there
were no differences between the three lower P
rates, except for Kjeldahl N concentration. The
effect of applied P on seedling contents of P,
Kjeldahl N and C was magnified due to the great
impact of P supply on plant dry mass. Thus, there
was a 17-, 5- and 8-fold increases in the seedling
content of P, Kjeldahl N and C respectively for
seedlings in the 56 compared to the 5.6 mg L
treatment.

Leaf nutrient concentrations were examined
in greater detail (Table 4). The results for
leaf total P and total N (by combustion)
concentrations confirmed the same trends
as those results reported in Table 3. At the
highest P application rate, there was a 3-fold
increase in total P concentration, whereas
total N concentration was reduced to 1.6%
compared with 1.8 to 1.9% for the rest of the
treatments. The greatest differences in nutrient
concentrations usually occurred between the 5.6
and 56 mg L! treatments. Foliar concentrations
of K, B, Zn and Cu decreased with increasing P
application rate, Ca and Mg tended to increase,
S and Fe did not exhibit a clear pattern, and Mn
was not significantly affected. Total foliar content
of all macro- and micronutrients increased with
increasing P application rate due to increases in
leaf dry mass (Table 2).

Table 3 Total phosphorus (P,), total Kjeldahl nitrogen (TKN), and total carbon (C) concentration and
content in leaf, stem, and root tissue of balsa seedlings 11 weeks after applying four rates of
phosphorus (P)

Nutrient Tissue P application rate Rate effect P application rate Rate effect
(mg L' medium) (mg L' medium)
0 0.56 5.6 56 p value 0 0.56 5.6 56 p value
Nutrient concentration (%) Nutrient content (mg seedling™)
P, Leaf  0.07b 0.07b 0.07b  0.19a  <0.0001 0.96b 1.02b  4.03b 68.59a  <0.0001
P, Stem  0.04b 0.04b 0.04b  0.10a  <0.0001 0.17b 0.18b  093b  26.79a  <0.0001
P, Root  0.06b 0.06b 0.06b  0.1la  <0.0001 0.43b 048b 1.79b 1814a  <0.0001
P, Seedling total 155b 1.69b 6.75b 113.52a  <0.0001
TKN Leaf  2.02a 199a 20la 176b 0.0016 288b 30.8b 1145b 639.7a  <0.0001
TKN Stem  1.84a 186a 1.49b  0.61c  <0.0001 77c¢ 86¢c 321b 1640a  <0.0001
TKN Root  1.82a 1.78a 1.67a  093b  <0.0001 120c 133c¢ 468b 1546a  <0.0001
TKN Seedling total 483c¢ 527c¢ 1934b 958.2a  <0.0001
C Leaf 435a 44.7a 451a 46.1 a 0.4584 618c 693c¢ 2565b 16,716a  <0.0001
C Stem  409c¢ 408c 43.0b  462a  <0.0001 171b  189b  945b 12,602a  <0.0001
C Root  429a 41.7a 416a 423a 0.2296 282c¢ 311c 1157b  7,025a  <0.0001

p < 0.05 denotes significant effect, least squares-means within a row followed by the same letter (for concentration or
content) are not significantly different at a = 0.05 using Tukey’s adjustment for multiple mean comparisons
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Table 4 Nutrient concentration and content in the leaves of balsa seedlings 11 weeks after applying four

rates of phosphorus

Nutrient Phosphorous application rate Rate effect Phosphorous application rate Rate effect
(mg L' medium) (mg L' medium)
0 0.56 5.6 56 p value 0 0.56 5.6 56 p value
Nutrient concentration (%) Nutrient content (mg seedling™)
P 0.06 b 0.06b  0.06b 0.18 a <0.0001  0.80b 090b  3.51b 6547a <0.0001
N 193 a 1.78 ab 1.87a 1.61b 0.0098 274b 275b 106.6b 585.0a <0.0001
K 148 a 1.52a 1.31b 1.15¢ <0.0001 21.1c 237c¢ 740b  4134a <0.0001
Mg 0.92b 0.96 ab 0.85¢ 1.00 a <0.0001 13.0b 14.8b  483b 363.2a <0.0001
Ca 1.55b 1.59 ab 1.47b 1.70 a 0.0026  221b 246b  837b 6152a < 0.0001
S 0.19 a 0.17b  0.16ab  0.17 ab 0.0052 266b 261b 889b 62.35a <0.0001
Nutrient concentration (mg kg™)

B 59.2a 61.7a 452D 222¢c <0.0001 0.08c 0.10c 0.26b 0.80 a <0.0001
Zn 59.3 a 59.5a 61.8a 31.5Db <0.0001 0.08c 0.09¢ 0.35b 0.05a <0.0001
Mn 88.7a 88.3a 90.0 a 85.0a 0.8801 012b 014b  052b 3.05a < 0.0001
Fe 426 a 399 a 231a 248 a 0.0408  0.62b 0.63b 1.31b 9.18 a <0.0001
Cu 8.83a 8.67a 6.83ab 517b 0.0002  0.01b 0.01b  0.04b 0.19 a < 0.0001

p <0.05 denotes significant effect, least squares-means within a row followed by the same letter for concentration or content
are not significantly different at a = 0.05 using Tukey’s adjustment for multiple mean comparisons

Foliar analysis is the preferred method to
diagnose nutrient deficiencies; however, we did
not observe a dark green or purple colour of
older leaves, which is symptomatic of P deficiency
(Bryson et al. 2014). Phosphorus at 0, 0.56 and
5.6 mg L' represented P deficiency levels, and
56 mg L' was a sufficiency level based on foliar
P concentrations, which were 0.06-0.07% for
the 0 to 5.6 mg L' rates, and 0.18-0.19% for the
56 mg L! treatment. Foliar P concentrations
of 0.14 to 0.20% have been reported for balsa
grown in perlite, vermiculite and sand (Dalling
et al. 2013). Foliar P concentration for the
56 mg L' P treatment is within the sufficiency
range of many broad-leaved forest tree species
(Bryson et al. 2014).

The availability of P is often more limiting
than that of N in the soils of many tropical
ecosystems (Tanner et al. 1998, Lawrence
2003, Hedin et al. 2009). In the current study,
increasing P application rate was associated with
decreasing N concentration in all plant tissues
and a consistent 60% increase in N-use efficiency.
Foliar total N concentrations of 1.8 to 1.9% for
the 0, 0.56 and 5.6 mg L' treatments would be
in the low end of normal range for many tree
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species (Bryson et al. 2014). Differences in
total quantity of nutrients partitioned to various
tissues were magnified by concomitant changes
in dry mass. Total P content in the leaves, stems,
roots and the whole seedling increased 71-,
158-, 42- and 73-fold respectively with increase in
P fertilisation rate from 0 to 56 mg L' and 17-,
29-, 10- and 17-fold with an increase from the 5.6
to 56 mg L! treatment respectively.

Highest P application rate decreased foliar
concentrations of N, K, B, Zn and Cu, increased
concentrations of Ca and Mg, and had no effect
on S, Fe and Mn. The decrease in N, K, Band Zn
concentrations at the 56 mg L' P treatment is a
result of nutrient dilution due to greatincreases in
plant growth. High levels of P in potting medium
can cause Cu and Zn deficiencies (Bryson et al.
2014). Itis also known that B has positive impact
on P absorption (Marschner 2012), and we
suggest that greater foliar B concentrations at low
levels of P supply may reflect the plant adaptation
to P deficiency. Besides P, the greatest increase in
elemental concentration with increasing P supply
was observed for Ca, which may be due, in part,
to the application of triple superphosphate which
contains 15% Ca.
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Organic acids in xylem fluid

Accurate quantification of organic acids in the
rhizosphere is not possible, although organic
acids in xylem fluid are easily quantified. Xylem
fluid is dilute and mainly consists of monomeric
compounds (amino acids and organic acids) and
inorganic ions (Ferguson & Turner 1981, Clark
et al. 1986, Andersen et al. 1993, 1995). The
concentrations of organic acids in xylem fluid
were significantly influenced by P treatment,
although the response was not consistent across
the range of P rates (Table 5). For example,
the lowest concentrations of organic acids were
recorded at 5.6 and the highest at 56 mg L'
P treatment. Citric, malic and succinic acids
were predominant in all treatments, which is
consistent with the organic acid profiles of many
plant species (Clark et al. 1986, Andersen et al.
1993, 1995). Oxalic and tartaric were minor
organic acids in all treatments.

The flux of organic acids and inorganic ions
to xylem vessels are interdependent (Ferguson
& Turner 1981, Clark et al. 1986). The highest
concentration of organic acids occurred at
56 mg L' P rate, except for citric acid, which
was numerically higher at the two lower P
rates. Phosphorus uptake from the soil can be
enhanced by organic acids exuded from plant
roots (Marschner 2012), and citric acid is the
most efficient organic acid at solubilising P in
the rhizosphere (Hinsinger 2001). The observed
trend of greater citric acid concentration under
deficient P supply may be an adaptation to

Table 5
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promote P uptake. We cannot explain why
organic acid concentrations were lowest at the
5.6 mg L' rate; however, this may not be an
artefact since both leaf Ca and Mg concentration
were also lowest for this treatment. Both organic
acids and PO,? can form ionic bonds with Ca,
Mg, Zn or Mn (Ferguson & Turner 1981, Clark
et al. 1986). Clark et al. (1986) calculated that
35% of the Ca and 56% of the Zn in xylem fluid
of kiwi (Actinidia deliciosa) was translocated in the
form of malate complexes. Thus, perhaps organic
acids and PO, % were competing for the binding
sites of divalent cations.

P-use efficiency, N-use efficiency, P-acquisition
efficiency and root phosphatase activity

There was great increase in balsa seedling dry
mass and total P content as P supply increased
(Table 6). Both P-use efficiency and N-use
efficiency were similar for the three lower P rates.
However, P-use efficiency was reduced and N-use
efficiency was increased at the high P fertilisation
rate. Although seedling dry mass increased over
7-fold with an increase in P fertilisation rate from
5.6 to 56 mg L', the corresponding increase
in total P content was 17-fold. Consequently,
P-use efficiency for seedlings at the 56 mg L
rate was reduced by more than 50% compared
with the rest of the treatments. There was more
than 50% increase in N-use efficiency in the
56 mg L treatment, despite the same amount of
N supplied to all treatments.

Organic acid concentration in xylem fluid of balsa seedlings 11 weeks after

applying four rates of phosphorus

Organic acid

Phosphorous application rate (mg L' medium)

Rate effect

0 0.56 5.6 56 p value
Acid concentration (pM)

Oxalic 7 a 7a 4a 7a 0.0365
Citric 312 a 361 a 140 b 233 ab 0.0037
Tartaric 3a 3a 1b 1b 0.0056
Malic 541 ab 540 ab 371D 828 a 0.0428
Succinic 197 ab 188 ab 123 b 256 a 0.0161
Lactic 79 b 71b 26 b 275 a 0.0001
Total organic acids 1139 ab 1169 ab 667 b 1599 a 0.0123

p < 0.05 denotes significant effect, least squares-means within a row followed by the same letter
are not significantly different at a = 0.05 using Tukey’s adjustment for multiple mean comparisons
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Table 6 Total seedling dry mass, total phosphorus (P,) and total Kjeldahl nitrogen (TKN) content; P-use
efficiency (PUE); nitrogen-use efficiency (NUE); P-acquisition efficiency (PAE) and root phosphatase
activity (RPA) in balsa seedlings 11 weeks after applying four rates of P to soilless growth medium

Variable Unit Phosphorous application rate (mg L' medium) Rate effect
0 0.56 5.6 56 p value
Total seedling dry mass g seedling’! 250c 276bc 10.65b 80.22d <0.0001
Total P seedling content mg seedling’! 1.55b  1.69b 6.75b  113.52a <0.0001
TKN seedling content mg seedling?  48.34c¢  52.73¢ 193.40b  958.20 a <0.0001
PUE g mg’! 1.61la 164a 1.58 a 0.71b < 0.0001
NUE g mg’ 0.052b  0.052b  0.055b 0.084 a < 0.0001
Method for P in soilless medium
Extraction Analysis
PAE Water Colorimetry! mg mg’! 0.593a 0.355¢ 0.283d 0.527 b < 0.0001
PAE Water ICP mg mg’! 0.301b  0.231c 0.255 bc 0.521 a < 0.0001
PAE Mehlich 1 ICP mg mg’! 0.144c 0.131c 0211Db 0.508 a <0.0001
PAE Mehlich 3 1cp mg mg’! 0.124c 0.115c  0.200b 0.504 a < 0.0001
RPA mg g’ 440a  4.32a 3.29b 2.87b <0.0001

Least squares-means within a row followed by the same letter are not significantly different at o = 0.05 (except for
RPA o = 0.1) using Tukey’s adjustment for multiple mean comparisons, p < 0.05 denotes significant effect; 'quantifies

orthophosphates

Phosphorous-acquisition efficiency depended
on the P extraction and analysis protocol
followed. Baseline P concentrations in the
soilless growth medium before P additions were
0.65, 1.32, 2.73, and 3.15 mg L! for the water/
colorimetry, water/ICP, Mehlich 1/ICP and
Mehlich 3/1CP protocols respectively (Table 1).
There was a decline in P-acquisition efficiency
with the protocols that released more P from the
medium. For example, seedlings receiving no
P addition acquired 59, 30, 14 and 12% of the
extractable P contained in the pot, based on the
water/colorimetry, water/ICP, Mehlich 1/ICP
and Mehlich 3/ICP protocols respectively. When
superphosphate was supplied to the medium, the
calculated values varied less between extraction/
analysis methods, i.e. from 20 to 28% for the
5.6 mg L! treatment and 50 to 52% for the
56 mg L' treatment. There was a stepwise
decrease in root phosphatase activity with
increasing P rate, although the values for the 0
and 0.56 mg L! treatments or the 5.6 and 56 mg L
treatments were not significantly different. As P
rate increased from 0 to 56 mg L! total seedling
dry matter increased 32-fold, but total P content
increased 73-fold, thus reducing P-use efficiency
by more than 50%. In contrast, Kjeldahl N
content increased 20-fold, considerably less than
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the increase in dry matter, and N-use efficiency
increased by 60%.

Phosphorous-acquisition efficiency is also an
important determinant of P efficiency for many
crop species (Wang etal. 2010, Penn et al. 2015).
For any given P rate, calculated P-acquisition
efficiency values decreased with more complete
P extractions from the growth medium. This
was especially true in the 0 mg L P fertilisation
treatment where the Mehlich 3/ICP protocol
resulted in 5-fold greater P concentration,
and a 5-fold smaller P-use efficiency than with
water extraction and colorimetric procedure.
In contrast, most of the P in the medium
supplemented with 56 mg L' P was in the form
of water-extractable orthophosphates, and
therefore, the values for P concentration in the
medium and for P acquisition efficiency did not
differ substantially between extraction/analysis
methods. Balsa seedlings were highly efficient
in extracting P at the highest P application
rate, taking up over 50% of the P supplied in
the pot. These results are in sharp contrast
with mahogany which showed a reduction
in P-acquisition efficiency with increasing P
fertilisation rate (Seabra et al. 2017). For balsa,
increased P supply resulted in a much greater
biomass increase (and consequently seedling P

537



Journal of Tropical Forest Science 29 (4): 530-540 (2017)

content) than in mahogany, while the increase
in extracted medium P content was the same
for the two species. In addition, P fertilisation
greatly stimulated balsa seedling root growth,
as evidenced by the 25-fold increase in root dry
matter, improving the ability to uptake P from
greater soil volume.

An increase in root phosphatase activity was
an adaptation of balsa seedlings to limited P
supply. In the companion study on mahogany,
root phosphatase activity was not influenced by P
fertilisation rate (Seabraetal. 2017). Tropical soils
often contain low concentrations of bioavailable
inorganic phosphate but higher concentrations
of organic P compounds (Clinebell et al. 1995).
Root phosphatase performs the enzymatic
hydrolysis of organic phosphate (Tarafdar
& Claassen 1988, Das et al. 2014). Balsa is a
pioneer tree species with high demand for P
and is adapted to rapid growth when conditions
of light and soil fertility are favourable (Holste
etal. 2011). More work is needed to identify the
role of root phosphatase activity in balsa under
conditions of P deficiency, particularly in natural
habitats.

In conclusion, balsa exhibited several
adaptations to P limitations. Root growth was
curtailed to a lesser degree than shoot growth,
as evidenced by increased percentage of root
dry matter, and a greater percentage of total P
and N partitioned to root compared with shoot.
P-use efficiency increased more than 2-fold
when P was not added to the media. Foliar B
concentration increased by about 2-fold with
extreme P deficiency, and B may promote P
absorption by roots (Marschner 2012). The
observed increase in root phosphatase activity
under P limitations may be an adaptation by
roots to utilise organic P which is abundant, but
not readily available in many tropical soils. Since
native soils have a mixture of inorganic P, organic
P, mycorrhizae, bacteria, fungi and other soil
organisms (Vitousek 1984, Smith & Smith 2011,
Dalling et al. 2013, Vincent & Tanner 2013),
additional research is needed to examine the
influence of soil P dynamics on the growth and
physiology of balsa in plantations and in native
habitats.
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