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Abstract

The low availability of phosphorus (P) in tropical soils may hinder the initial establishment
of forest species planted in disturbed areas. However, the effects of P fertilization as a strat-
egy to improve the survival, growth and photosynthesis-related traits of Amazonian tree
species in P-limited soils remain unclear. Here, we investigate how contrasting levels of P
fertilization affect the establishment of native Amazonian tree species with different suc-
cessional statuses. We measured the survival, growth (height and root collar diameter) and
leaf traits (e.g., chlorophyll a fluorescence parameters, leaf nutrients and gas exchange) of
ten species (five pioneers and five nonpioneers) subjected to contrasting P supplies (—P =
0 kg P,O5 ha™! and +P = 160 kg P,05 ha™) in the field over 24 months. Phosphorus ferti-
lization improved the availability of P in the soil. Pioneers species were more responsive to
fertilization. Erythrina fusca showed high mortality under —P, while Cedrela fissilis, Cor-
dia alliodora and Guazuma ulmifolia (pioneers) exhibited the highest increases in growth
rates after fertilization. Fertilization improved the P content in the leaves in the noonpio-
neers group, while both ecological groups had the highest K content in the leaves under no
P fertilization. Carbon capture (stomatal conductance) increased only in pioneers species.
Conversely, positive effects on carbon assimilation at the leaf level were not observed. P
fertilization reduced the P use efficiency of nonpioneers species. Fertilization is an impor-
tant management practice to relieve the effects of stress induced by soil phosphorus starva-
tion on the establishment of Amazonian trees and is modulated by successional status and
species identity.
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Introduction

Phosphorus (P) is a widely limiting nutrient of aboveground plant production in terres-
trial ecosystems (Hou et al. 2020). Most Amazonian soils, for example, have low fertility
and are characterized mainly by high acidity, low exchange capacity and low P availability
(Walker and Syers 1976; Moreira and Fageria 2009; Quesada et al. 2012). The soils of
Amazonas state (Brazil) can exhibit values < 5.4 mg P kg_1 (Moreira and Fageria 2009).
In addition to natural low fertility, deforestation can exacerbate P limitation by restricting
mobilization and increasing fixation in soils in disturbed areas (McGrath et al. 2001; Ket-
terings et al. 2002).

The input of P by fertilization has positively affected the growth and survival of tree
species (Resende et al. 1999; Uddin et al. 2009; Tng et al. 2014). However, there are cases
in which even after an increase in available P in the soil through the addition of chemical
fertilizer, the species did not exhibit a growth response (Driessche 1980). Likewise, dif-
ferent responses between species submitted to fertilization have been observed (Barrow
1977). These differences may be associated with successional status (Resende et al. 1999)
and may vary between species and their characteristics (Groves and Heraitis 1976; Barrow
1977; Resende et al. 2005).

Pioneers species have higher growth rates than nonpioneers species and can show
greater nutrient use efficiency, maintaining their growth even in soils limited by P (Hidaka
and Kitayama 2013; Zhang et al. 2018). However, when submitted to fertilization treat-
ments, pioneers species tend to show positive responses to the input of P (Resende et al.
1999; Fonseca e Cruz et al. 2011). Conversely, nonpioneers species have slow growth and
may show low nutrient use efficiency (Zhang et al. 2018). The effects of P fertilization are
normally less significant for the growth of nonpioneers species due to the nutrient reserves
of seeds and conservative life-history strategies (Huante et al. 1995; Milberg and Lamont
1997; Resende et al. 1999). The conservative strategies of nonpioneers species result in
low growth rates with high survival during their initial establishment (Poorter et al. 2008;
Chave et al. 2009; Wright et al. 2010). These responses are related to resource utilization
or the leaf economic spectrum, which consists of the leaf strategies of plants and how they
change their chemical, structural, and/or physiological properties to maintain their growth
or survival (Wright et al. 2004; Hidaka and Kitayama 2013; Zhang et al. 2018).

Leaf traits representative of the leaf economic spectrum can reflect the trade-off between
growth and survival (Sterck et al. 2006; Martinez-Garza et al. 2013; Luo et al. 2016; Gui-
mardes et al. 2018). Plants growing in sites limited by P may have reduced photosynthetic
capacity (Wright et al. 2004; Warren et al. 2011), low leaf nutrient content (Wright et al.
2004; Hidaka and Kitayama 2009), and consequently, slow growth rates (Warren et al.
2011; Zavisic and Polle 2018). However, tropical tree species adapted to infertile soils can
maintain their photosynthetic capacity by increasing their P allocation to metabolic foliar
P fractions (Mo et al. 2019). The relevance of using nutrient use efficiency as a measured
trait to determine the interspecific growth differences during the initial establishment of
plants on infertile soils has been highlighted for plantations of Amazonian trees (Santos Jr
et al. 2006; Guimaries et al. 2018). However, how the controlled supply of P by fertiliza-
tion drives the growth and photosynthetic mechanisms of native species in the field is still
unknown.

In this study we tested the hypothesis that the effects of P fertilization in a mixed plan-
tation of Amazonian trees are modulated by successional status and species identity. Spe-
cifically, we aim to answer the following questions: how variable are the establishment
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responses of Amazonian trees under contrasting P conditions in the soil? Are these
responses related to successional status and species identity? We used a two-year-old
mixed plantation of ten Amazonian tree species growing in the field under contrasting lev-
els of P supply (0 and 160 kg P ha™'). In additional to soil analyses, we measured demo-
graphic rates and photosynthesis-related traits.

Materials and methods
Study site

The experiment was conducted at the Experimental Farm of the Federal University of
Amazonas (02° 38" S and 60° 03" W), Manaus, Amazonas, Brazil. The Central Amazon
region is characterized by an annual precipitation of 2350 mm, monthly air temperature
ranging from 26.4 to 28.5 °C and air humidity reaching an average value of 75% in the
dry season and 85 % in the wet season (data from 1988 to 2018; INMET 2019). The pre-
cipitation seasonality is generally moderate, with a dry season from August to September
(Sombroek 2001). The soil is clayey yellow Latosol (Chauvel 1982). The surrounding area
is a rainforest with an enclosed canopy (Guillaumet and Kahn 1982). The site is a disturbed
area where the mature forest was removed in 1985; the site experienced several changes
in soil use (mainly agricultural activities) until it was completed abandoned. The site was
dominated by weeds (Brachiaria spp.) before planting, and these weeds acted as a strong
barrier to the establishment of natural regeneration.

Experimental installation: species selection and soil preparation

Ten native forest species were selected based on their socioeconomic and ecological
importance in the region and on the availability of seeds in the planting year. The species
were divided into two successional statuses, with five pioneers species and five nonpio-
neers species (Table 1).

Before the experimental installation, the soil had a mean clay content of 75%, pHy,o =
4.4 and available phosphorus (P) = 3.12 mg kg™' (Luvison, 2018). For soil acid correction,
108.8 g of dolomitic limestone (PRNT 92%; Ca 32%; Mg 15%) was applied 60 days before
planting in each pit. Fertilizers were applied to all plants during planting. We used 10 g of
FTEBRI12 (Mo 0.001%, B 1,8%, Cu 0.8%, Mn 2%, and Zn 0.7%), 16 g of urea (45% N)
and 11.5 g of potassium chloride (58% K,0). The same amounts of urea and potassium
chloride were applied thirty, sixty and ninety days after planting. The dosages and methods
that guaranteed the minimum nutrient requirements of native tropical forest species were
obtained from a literature review (Furtini Neto et al. 2000; Resende et al. 2005; Campoe
2014; Alvarado 2015).

Experimental design and phosphorus fertilization treatments

The experiment consisted of a factorial design in randomized blocks with three replications.
The factors were constituted by five pioneers species and five nonpioneers forest species at two
levels of P fertilization. The contrasting levels of P supply (0 and 160 kg P ha™!, named —P
and +P, respectively) were applied using a triple superphosphate fertilizer (46% P,Os) to each
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sapling in alternated lines of pioneers and nonpioneers species (Nave and Rodrigues 2007).
The planting lines (pioneers or nonpioneers) were planted with a total of 15 saplings, with
three pseudoreplicates of each species. The planting spacing was 3x2 m. The planting was
carried out in 40 X 50 cm pits prepared with a soil drill attached to a tractor. The control of ants
was performed before and after planting through the application of granulated formicide. The
control of weed competition was performed by manually crowning semi-mechanized mowing
between the lines every three months.

Soil analyses

Two years after planting, soil samples were collected from the pits of both treatments at a
depth of 0-20 cm. Three simple samples were collected per planting line to comprise one
homogeneous sample.

The soil samples were analyzed for pH (H,O and KCI), potential acidity (H+Al), soil
organic matter (SOM) and concentrations of carbon (C), macronutrients such as phosphorus
(P), potassium (K), magnesium (Mg), calcium (Ca), and micronutrients such as iron (Fe), zinc
(Zn) and manganese (Mn). Subsequently, base saturation and the sum of bases and (V%, SB)
were calculated. The pH was determined using an electrode (Thomas 1996). The extraction
of potential acidity (H + Al) from the soil was carried out with a solution of calcium ace-
tate and alkalimetric titration of the extract (Mclean 1965). The levels of SOM and C were
determined by the volumetric method using potassium dichromate (Walkley and Black 1934).
The concentrations of Ca and Mg were obtained by atomic absorption spectrophotometry
(Mclean 1965) after extraction in 1 M KCI (Miyazawa et al. 1999). The macronutrients (P
and K) and micronutrients (Fe, Zn, and Mn) were extracted with the Mehlich solution (0.05 M
HCI, 0.0125 M H,SO,). The available P was determined by visible spectrophotometry (660
nm), while the K and micronutrients were quantified by atomic absorption spectrophotometry
(Thomas 1996).

Demographic rate measurements

The temporal variation in survival and growth was monitored quarterly for 24 months from
April 2017 to April 2019. In each monitoring campaign, we recorded the number of live sap-
lings, and the root collar diameter (D) (5 cm above the ground) and total height (H) of each
sapling were measured.

We calculated the annual survival rate (SR) according to Poorter and Bongers (2006). The
daily survival rate (DSR) of the seedlings for each species consisted of the slope of the log10
regression (percentage of surviving seedlings) against time (in days). The annual survival rate
was calculated as 10°6°PSR,

The relative growth rates were calculated as follows: RGRyg;,p,, = (InH, — InH)/(t, — t;)
and RGR ;,,er = (IND, — InD)/(t, — t;) according to Hunt (1990) and Bugbee (1996), where
H, = height (cm) at the time of planting; H, = height after two years; D; = diameter (mm) at
the time of planting; D, = diameter after two years; and t, and t; = interval between two years.

Leaf nutrient contents

The nutrient analyses were performed on three to six leaves per plant. All leaves of each
plant were ground to form a homogeneous composite sample. The leaf nitrogen content
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was determined by the Kjeldahl method with digestion, distillation and titration (Bremner
1996). Leaf P was determined by spectrophotometry (A=750 nm) after the molybdate
method (Murphy and Riley 1962). The leaf content of potassium was determined by atomic
absorption spectrometry (1100B, PerkinElmer, Ueberlingen, Germany).

Fluorescence parameters

Chlorophyll a fluorescence analyses were performed with a portable fluorimeter (PEA,
MK?2-9600, Hansatech, Norfolk, UK) adjusted to emit a saturating light pulse of 3000
umol m~2 s ~! at a wavelength of 650 nm for 1 s. Measurements were made on three leaves
per plant at 4:30 am (predawn). The fluorescence data from typical chlorophyll a polypha-
sic fluorescence transient rise O—J-I-P used by the JIP-test were the minimal fluorescence
intensity (F, - 50 ps); the maximal fluorescence intensity (F); the variable fluorescence
(F,=F,, — Fy) and the maximum quantum yield of PSII (F,/F,) (Strasser et al. 1995, 1999,
2010; Tsimilli-Michael and Strasser 2008).

Photosynthesis and photosynthetic nutrient use efficiency

The net photosynthesis per unit leaf area (A4,), stomatal conductance (g,) and transpiration
rate (E) were measured by using an infrared gas analyzer (LI-6400XT, LI-COR, USA).
The measurements were made on one leaf per plant. Before measurements, we performed
experimental tests on three leaves per plant to ensure the selection of leaves with maximum
values of photosynthesis at light saturation (A,,,,). The measurements were made between
08:00 am and noon. The chamber was adjusted to a flow of 400 umol s~'; CO, concen-
tration of 400 umol mol™'; 21 mmol mol~! H,O vapor concentration; leaf temperature of
31 °C; and photosynthetic photon flux density (PPFD) of 2000 umol m~2 s~! (except for
R, when PPFD was 0 pmol m~ s™!). The maximum photosynthesis per unit mass (A,,,.,)
was calculated by multiplying the specific leaf area (SLA) by A,,,, and by 0.1 depending on
the differences between the units of each variable (umol m=2 s~' x cm? g~!). The SLA was
calculated from the ratio of the fresh leaf area to the dry leaf mass at 65 °C until obtaining
a constant leaf mass using leaf discs of known area (0.283 cm?) (Evans and Poorter 2001).
The photosynthetic nutrient use efficiency (PnutrientUE)—for macronutrients (P; N; K)—
was calculated by the ratio between the rates of photosynthesis per unit mass (4,,,, * SLA
*(0.1) and the respective leaf nutrient content of each plant (Field and Mooney 1986; Fer-
reira et al. 2015).

Statistical analysis

The data were previously submitted to the assumptions of normality and homoscedasticity
by Shapiro-Wilk and Levene tests, respectively. Nonnormality and heterogeneity were cor-
rected by log transformation.

Demographic rates and photosynthetic characteristics were analyzed by two-way
ANOVA to test the effects of fertilization treatments, ecological group and their interaction
(2% 2), as well as fertilization treatments, species and their interactions, separately for each
ecological group (5 X% 2). In the case of significance (P < 0.05), Duncan’s post hoc test was
performed. All analyses were performed using Statistica 9.0 software.
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Results
Effects of fertilization on the chemical properties of the soil

Two years after fertilization, the pH values increased in both treatments. In addition, in the
fertilized treatments, there was a sevenfold increase in available P and an increase of 27%
in the Fe concentrations (Table 2).

Effects of P fertilization on survival and growth

Survival had the effect of all factors (T = P < 0.001; S = P <£0.001; TxS = P <0.001),
due to the high mortality of the species E. fusca, which showed a survival of 2% when
not fertilized. This caused a significant difference in group-level survival for all factors
(T=P <0.001; S =P <£0.001; TS = P <0.001). Despite the high mortality of E. fusca,
the other pioneer species showed high survival in both treatments, ranging between 87
and 100%, and 77 and 100% for nonpioneers, with no significant effect of fertilization at
the species and group level. The dynamics of survival behavior over the months, we can
observe that, E. fusca (pioneer species) under —P had significant reductions in its survival
values after 10 months, reaching 0% at 24 months (Fig. 1a).

A. leiocarpa exhibited the highest height values in both —P and +P at 15 months after
planting. C. alliodora and E. fusca increased their height under +P over time (Fig. 1c, d).
The interspecific differences in absolute values in diameter over time were more evident
under +P. C. alliodora, E. fusca and C. fissilis showed the largest diameters, while (A) leio-
carpa and S. macrophylla exhibited intermediate diameters, and H. courbaril, D. odorata,
C. guianensis and (B) excelsa had the smallest diameters (Fig. le, f).

The growth rates for height and diameter were affected in different ways by fertilization
and species according to successional status (Figs. 2 and 3). For nonpioneers species (NP),
the relative growth rate (RGR) for height was not affected by fertilization, while there were
differences among species. The RGR height values for D. odorota were approximately two
times higher than those for C. guianensis. For the RGR of diameter, NP exhibited no sig-
nificant effect on any of the treatments. Conversely, the pioneers group showed increas-
ing on average values of RGRs in height and diameter of 1.4 and 1.3-fold, respectively,
as affected by fertilization. C. alliodora and C. fissilis had height and diameter values that
were 44.5% and 36% higher, respectively, in the +P treatment than in the —P treatment. A.
leiocarpa showed average height values that were 27% and 46% higher than those of G.
ulmifolia in the +P and —P treatments, respectively.

Effects of phosphorus fertilization on photosynthesis-related traits

Fluorescence and gas exchange

Fertilization did not significantly affect the maximum quantum yield of photosystem II (F/F,,))
of species during the predawn measurements (Fig. 4a). The values of maximum photosynthe-
sis per unit mass (A,,,,) were different only for nonpioneers species and were not significantly

affected by fertilization (Fig. 4b). H. courbaril had values 43% and 38% higher than those of
C. guianensis for —P and +P, respectively. Fertilization affected the stomatal conductance (g,)
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Fig. 1 Survival (pioneers: a, nonpioneers: b), height (pioneers: ¢, nonpioneers: d) and diameter (pioneers:
e, nonpioneers: f) (mean + SD) of plants subjected to fertilization treatments with contrasting levels of P
(filled geometric figures = —P; unfilled geometric figures = 4+ P) over 24 months. Pioneers species: Cf =
Cedrela fissilis; Ca = Cordia alliodora; Al = Apuleia leiocarpa; Ef = Erythrina fusca; and Gu = Guazuma
ulmifolia; Nonpioneers species: Ca = Carapa guianensis, Be = Bertholletia excelsa; Do = Dipteryx odo-
rata; Hec = Hymenaea courbaril; and Sm = Swietenia macrophylla

(Fig. 4c) and transpiration (E) of pioneers species (Fig. 4d). Pioneers group exhibited increas-
ing of 1.3-fold on g, after fertilization. The species most positively affected by fertilization was
C. alliodora, with values that were 37% (g,) and 31% (E) higher when fertilized. A. leiocarpa
showed the highest values of g, and E, which were between 70 and 50% (—P and +P) higher
than those for C. fissilis for g, and between 42 and 28% (—P and +P) for E compared to the
same species.
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Fig.2 Relative growth rates related to height (mean + SD) of nine Amazon tree species, four pioneers spe-
cies (Cf = Cedrela fissilis; Ca = Cordia alliodora; Al = Apuleia leiocarpa; and Gu = Guazuma ulmifolia;
Erythrina fusca was excluded due to high mortality) and five nonpioneers species (Ca = Carapa guian-
ensis; Be = Bertholletia excelsa; Do = Dipteryx odorata; Hc = Hymenaea courbaril; and Sm = Swietenia
macrophylla), subjected to fertilization with contrasting levels of P (—P and +P) (n = 3), where T = treat-
ment; S = species; and T X S = the interaction between treatment and species. Relative growth rates related
to height (mean + SD) of ecological groups, pioneers and nonpioneers, where T =treatment; EG= eco-
logical group; and T X EG = the interaction between treatment and ecological group according to two-way
ANOVA (P > 0.05 ns; P < 0.05 ; P < 0.01**; and P < 0.001***), The mean values of treatments for each
species followed by asterisks are different (P < 0.05%; P < 0.01%%*; and P < 0.001***) according to Dun-
can’s test

Leaf nutrient content

The leaf P content was significantly affected by fertilization treatment in nonpioneers
group (Fig. 5a), with average values 1.6-fold higher in +P than —P. C. guianensis, H.
courbaril and S. macrophylla exhibited values approximately 93%, 61% and 73% higher
when submitted to P fertilization. H. courbaril had values 21 and 37% higher than those
of D. odorata in —P and +P, respectively. The leaf nitrogen content was significantly
affected by the species in both the pioneers and the nonpioneers groups. B. excelsa, D.
odorata and H. courbaril had the highest values of nitrogen leaf content among non-
pioneers species, while C. fissilis, A. leiocarpa and C. alliodora had the highest values
among pioneers species (Fig. 5b). The N/P ratio decreased significantly across species
as affected by P fertilization (Fig. 6). The highest reductions were observed in C. allio-
dora and D. odorata, which also exhibited the highest values of this parameter under
—P.

Leaf K concentration had an effect of the treatment and species for the pioneers (T
= P <£0.001; S = P < 0.05). For nonpioneers there was an effect of treatment (T = P
<0.001). At group level, both groups had treatment effect (T = P <0.001). Pioneers and
nonpioneers groups had K leaf content 1.5-fold higher under —P than + P. C. alliodora
(under —P) exhibited the highest values among pioneers species.
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Fig. 3 Relative growth rates related to diameter (mean + SD) of nine Amazon tree species, pioneers (Cf =
Cedrela fissilis; Ca = Cordia alliodora; Al = Apuleia leiocarpa; and Gu = Guazuma ulmifolia) and non-
pioneers (Ca = Carapa guianensis; Be = Bertholletia excelsa; Do = Dipteryx odorata; Hc = Hymenaea
courbaril; and Sm = Swietenia macrophylla), subjected to fertilization with contrasting levels of P (—P and
+P) (n = 3), where T = treatment; S = species; and T X S = the interaction between treatment and species.
Relative growth rate in related to diameter (mean + SD) of ecological groups, pioneers and nonpioneers,
where T = treatment; EG= ecological group; and T X EG = the interaction between treatment and ecologi-
cal group according to two-way ANOVA (P > 0.05 ns; P < 0.05%; P < 0.01%*; and P < 0.001**%*). The
mean values of treatments for each species followed by asterisks are different (P < 0.05%; P < 0.01**; and
P < 0.001#%*) according to Duncan’s test

Photosynthetic nutrient use efficiency

P fertilization decreased the photosynthetic P use efficiency of nonpioneers species,
with the exception of B. excelsa and D. odorata, which also had the highest values for
this parameter among nonpioneers species (Fig. 7a). B. excelsa was the only species that
increased its values of nitrogen use efficiency after P fertilization (Fig. 7a). Fertilization
with P increased the potassium use efficiency in all species, pioneers (T = P < 0.01) and
nonpioneers (T = P < 0.001), but the increase was more accentuated for the nonpioneers

group.

Discussion

Phosphate fertilization improved the availability of P in the soil. The highest P concentra-
tions (seven-fold higher than the control) were provided after the correction of acidity and
by the efficiency of the applied mineral (Sanchez and Uehara 1980; Haynes 1982). The
increase in P availability significantly improved the survival and growth in diameter of pio-
neers species (Fig. 1a; Table 2). Specifically, Erythrina fusca showed greater sensitivity to
fertilization, with high mortality when not fertilized (Fig. 1a). The sensitivity of this genus
to low P availability was also observed by Radomski and Oliveira (2018) in a restoration
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Fig.4 Maximum quantum yield of photosystem II (Fv/Fm; a), Maximum photosynthesis per unit mass
(A s b) and stomatal conductance (gg; ¢), transpiration (E; d), (mean + SD) of nine Amazon tree spe-
cies, pioneers (Cf = Cedrela fissilis; Ca = Cordia alliodora; Al = Apuleia leiocarpa; and Gu = Guazuma
ulmifolia) and nonpioneers (Ca = Carapa guianensis; Be = Bertholletia excelsa; Do = Dipteryx odorata;
Hc = Hymenaea courbaril, and Sm = Swietenia macrophylla), subjected to fertilization with contrasting
levels of P (-P and +P) (n = 3), where T = treatment; S = species; and T X S = the interaction between
treatment and species. Maximum photosynthesis per unit mass (A ,,.; @) and stomatal conductance (g b)
of ecological groups, pioneers and nonpioneers, where T = treatment; EG= ecological group; and T X EG
= the interaction between treatment and ecological group according to two-way ANOVA (P > 0.05 ns; P <
0.05%; P < 0.01**; and P < 0.001***). The mean values of treatments for each species followed by aster-
isks are different (P < 0.05%; P < 0.01*%*; and P < 0.001***) according to Duncan’s test

project of pasture areas. In accordance with our results for pioneers species, seedlings of
native Amazon forest species were also positively affected by P supply under greenhouse
conditions (Resende et al. 1999; Santos et al. 2006; Fontes et al. 2013). These results rein-
force the importance of correction and fertilization practices to improve the chemical qual-
ity of Amazonian soils, since the soils in this region generally have high acidity and a low
natural availability of P, which can compromise the productivity of forests (Falcdo and
Silva 2004; Quesada et al. 2012). In a general way, corroborating Resende et al. (1999),
pioneers species have shown more growth plasticity to P supply than nonpioneers species.
Differences in responses between groups may be associated with their characteristics. Pio-
neers species have small seeds and a high growth rate, thus they can respond quickly to fer-
tilization; however, nonpioneers species adopt conservative strategies for maintaining their
survival under low P availability. Thus, fertilization treatments are important for relieving
the effects of stress induced by soil P starvation on the establishment of Amazonian trees,
especially for pioneers species.

Nonpioneers species showed significant accumulation of leaf P under fertilization
treatment (Fig. 6b), while both successional groups exhibited the highest values of K
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(-P and +P) (n = 3), where T = treatment; S = species; and T X S = the interaction between treatment and
species. Macronutrient contents in the leaves (mean + SD) of ecological groups, pioneers and nonpioneers,
where T = treatment; EG= ecological group; and T X EG = the interaction between treatment and ecologi-
cal group according to two-way ANOVA (P > 0.05 ns; P < 0.05%; P < 0.01**; and P < 0.001***). The
mean values of treatments for each species followed by asterisks are different (P < 0.05%; P < 0.01**; and
P < 0.001#%*) according to Duncan’s test

60 -
Pionners Nonpionners
s0.{T20"
TxSns §xx
TxSns
40 - N -P
/1 +p Pionners Nonpionners
* ok
% 30 A ok "
* kK
20 i * *
10 A
0 -
Cf Ca Al Gu Cg Be Do Hce Sm
Species

Fig.6 The N/P ratio, (mean + SD) of nine Amazon tree species, pioneers (Cf = Cedrela fissilis; Ca =
Cordia alliodora; Al = Apuleia leiocarpa; and Gu = Guazuma ulmifolia) and nonpioneers (Ca = Carapa
guianensis; Be = Bertholletia excelsa; Do = Dipteryx odorata; Hc = Hymenaea courbaril; and Sm = Swi-
etenia macrophylla), subjected to fertilization with contrasting levels of P (-P and +P) (n = 3), where T =
treatment; S = species; and T X S = the interaction between treatment and species. The N/P ratio (mean +
SD) of ecological groups, pioneers and nonpioneers, where T = treatment; EG= ecological group; and T
X EG = the interaction between treatment and ecological group according to two-way ANOVA (P > 0.05
ns; P < 0.05%; P < 0.01**; and P < 0.001***). The mean values of treatments for each species followed by
asterisks are different (P < 0.05*; P < 0.01**; and P < 0.001***) according to Duncan’s test
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Fig. 7 Phosphorus (PPUE; a) and nitrogen (PNUE; b) use efficiency (mean + SD) of nine Amazon tree
species, pioneers (Cf = Cedrela fissilis; Ca = Cordia alliodora; Al = Apuleia leiocarpa; and Gu = Guazuma
ulmifolia) and nonpioneers (Ca = Carapa guianensis; Be = Bertholletia excelsa; Do = Dipteryx odorata; Hc
= Hymenaea courbaril; and Sm = Swietenia macrophylla), subjected to fertilization with contrasting levels
of P (=P and +P) (n = 3), where T = treatment; S = species; and T x S = the interaction between treatment
and species. Nutrient use efficiency (mean + SD) of ecological groups, pioneers and nonpioneers, where T
= treatment; EG= ecological group; and T x EG = the interaction between treatment and ecological group
according to two-way ANOVA (P > 0.05 ns; P < 0.05 *; P <0.01 **; and P < 0.001 ***), The mean values
of treatments for each species followed by asterisks are different (P < 0.05 *; P < 0.01 **; and P < 0.001
*##%) according to Duncan’s test

in the leaves under low P availability (Fig. 6¢). Despite the changes in the nutritional
status of the plants, we did not find significant effects of P fertilization on photosynthe-
sis at the leaf level (Fig. 5a). On the other hand, pioneers species had a higher poten-
tial for carbon capture due to the increased stomatal conductance under P fertilization
(Fig. 5b). Although P is not directly linked to stomatal regulation, greater availability
of P in the soil positively influences osmotic regulation, thus affecting the stomatal
conductance of plants (Firmano et al. 2009; Chaturvedi et al. 2011; Cunha et al. 2016).
Potassium has been suggested to relieve the effects of high-light stress on crop plants
under fertilization (Waraich et al. 2012; Hasanuzzaman et al. 2018). Considering that
the seedlings in our experiment grew under full sunlight conditions, the higher K con-
tent in the leaves may have been important to maintain carbon assimilation under low
P availability in the soil. Supporting this statement, we did not find any differences in
the photochemical performance of either species type between contrasting P conditions
(Table 2). Consequently, we observed a slight increasing tendency in the values of P
use-efficiency, especially for nonpioneers species, in P-limited soil (Fig. 7b). Thus, we
believe that the absence of nonstomatal limitations may have been important for the
photosynthetic performance of trees under contrasting P conditions in the soil.
Contrary to our expectation, despite the higher N/P ratios indicating P limitation
under the no P fertilization (—P) treatment for both successional statuses, the photo-
synthetic capacity of the trees did not appear to be affected, especially those of the
nonpioneers species. The age of trees may be a determinant factor modulating the
responses of native species to fertilization (Resende et al. 2005), reinforcing the
importance of medium- and long-term monitoring efforts. Although our study was per-
formed on a young plantation, we believe that our findings have important implications
for the establishment of Amazonian tree species in P-limited soils. We showed that the
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effects of the P supply on survival and growth are species-specific, suggesting the need
for more detailed studies of forest nutrition related to each priority species and not
only to successional status. The best growth responses of C. fissilis, C. alliodora and
G. ulmifolia to fertilization suggest the importance of the P supply to the planting of
these species, and the high short-term mortality of E. fusca, a fast-growing leguminous
species, may indicate that it is not sustainable to plant leguminous trees in P-limited
soils. Finally, future research should assess the interspecific differences on the above-
and belowground biomass due to P fertilization.

Conclusions

The short-term effects of P fertilization in a mixed plantation of Amazonian tree species
are represented by increase in the survival, growth and nutritional status of plants based on
successional status and species identity.
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