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Abstract 
Producing Brazilian Cerrado plants, especially ones endangered, is essential 
for your maintenance. In this way, fertilization is furthermore uncertain. 
Here, we demonstrate the impact of soil addition of nitrogen (N, 4.20, 18.90, 
31.50, 44.10 and 59.85 mg·dm−3) and phosphorus (P, 9.56, 57.38, 95.62, 133.86 
and 181.67 mg·dm−3) fertilizers levels on the development and on nutrients 
uptake by Jacaranda decurrens subsp. symmetrifoliolata (carobinha), species 
of the Brazilian Cerrado, in a long term pot trial. The N and P addition to-
gether increased plant height and N concentration in roots. N and P also in-
creased the P concentration and content on the roots in young plants, but in 
the older plants, isolated effect of both was stronger than their combined ac-
tion. The N addition promoted branching, production of dry leaves and dry 
xylopodium, contents of K, Ca and P on the leaves, and N content on the 
roots. However, the N reduced xylopodium diameter, leaf area, and Mg con-
tents in the young plants, but increased them in the older plants. The P addi-
tion increased stem diameter and dry biomass, P concentration and N content 
on the leaves, Ca content on the roots and also reduced N concentration on 
the leaves. However, the P addition increased Mg concentration on the roots 
in the young plants and reduced it in the older plants. In general, N levels 
ranging between 25.69 - 38.85 mg·dm−3 and P levels between 84.39 - 109.23 
mg·dm−3 promote more effectively the plant development. Thus, N and P fer-
tilization can promote the aerial development of plant and a differential allo-
cation of nutrients between the carobinha tissues. 
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1. Introduction 

Even though the flora of the Brazilian Cerrado is rich in economically important 
species, their cultivation is still incipient. An aggravating factor is that many of 
them are endangered, either due to deforestation or because of indiscriminate 
exploitation, without an appropriate crop management [1] [2]. The use of the 
roots of these species in traditional medicine increases their risk of extinction. 
The subject of study in the present work was the carobinha (Jacaranda decurrens 
subsp. symmetrifoliolata, Bignoniaceae) [3], an underbush species that occurs 
exclusively in the south of the Mato Grosso do Sul State [4]. The folk medicine 
indicates their roots as blood depurative, in the healing of uterine and ovarian 
wounds, and in the treatment of rheumatic problems and dysentery. Recently 
reports indicate the anti-inflammatory effect of the carobinha roots and the an-
ti-oxidative, anti-tumoral and anti-obesity activities of its leaves [5] [6] [7]. 

Soil enrichment with nutrients may promote or delay the development of na-
tive species in the Brazilian Cerrado [8]. N and P play an important role in such 
responses [9] [10]. In the weathered soils of this ecosystem, P is one of the most 
limiting factors [11]. In the plant, P is essential in the supply of energy and in the 
composition of RNA, DNA, and photosynthesis and respiration derived sugars. 
Besides, it is a crucial component of the cellular membrane [12]. [13] also 
showed that fertilization with inorganic P may promote growth and leaf and 
root production in the carobinha. In turn, N composes the structure of amino 
acids and nucleic acids, being quantitatively the nutrient that is most required by 
plants [12]. In general, N increases potassium (K) demands and P uptake in the 
plant. Furthermore, it increases the amounts of sulfur (S) needed for amino acid 
synthesis [14]. However, an excessive application of N may lead to K deficiency 
and reduced calcium (Ca) levels [15], and ammonium ( 4NH+ ) addition to the 
soil may increase its acidity [16]. Therefore, the balanced addition of N and P is 
essential for the correct balancing of plant development and nutrient uptake [17] 
[18]. 

Based on the exposed situation, we investigated the effect of soil fertilization 
with N and P on the development and nutrients uptake by the carobinha. 

2. Material and Methods 
2.1. Protected Growth 

The experiment was carried out between April 2012 and June 2014, under a 2 m 
× 2 m (height, width) tunnel with 50% shading and a plastic roof, locate at 
22˚11'44.45''S latitude, 54˚56'07.31''W longitude and 460 m altitude. The plants 
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were cultivated in vases with 5.70 kg substrate (very clayey dystroferric Red La-
tosol; 1.20 kg∙dm−3; pH CaCl2 = 4.33; P = 1.71 mg∙dm−3; K = 0.041 cmolc∙dm−3; Al 
= 1.2 cmolc∙dm−3; Ca = 0.67 cmolc∙dm−3; Mg = 0.18 cmolc∙dm−3; H + Al = 2.99 
cmolc∙dm−3; T = 3.89 cmolc∙dm−3; V = 22.9%). After addition of 24.54 g limestone 
(221.55 g Ca kg−1 and 126.64 g Mg kg−1, PRNT = 1000 g∙kg−1, Calpar®, Paraná, 
Brazil) and 200 mL water kg−1 to the substrate, the vases were incubated for 14 
days. 

Five nitrogen (N) (N1: 4.20, N2: 18.90, N3: 31.50, N4: 44.10 and N5: 59.85 
mg∙dm−3) and five phosphorus (P) (P1: 9.56, P2: 57.38, P3: 95.62, P4: 133.86 and 
P5: 181.67 mg∙dm−3) fertilizers levels and cycles were tested. Their combinations 
were defined based on the experimental matrix Plan Plueba III, which suggested 
nine treatments (1: N2P2, 2: N4P2, 3: N2P4, 4: N4P4, 5: N3P3, 6: N1P2, 7: N5P4, 
8: N2P1 and 9: N4P5) arranged in randomized blocks and four repetitions. The 
experimental unit consisted of four vases. Phosphorus was provided by 
Ca2(H2PO4) (187.7g P kg−1 + 150g Ca kg−1), nitrogen by (NH4)2SO4 (210 g N kg−1 
+ 220 g S kg−1), and potassium (120 mg∙dm−3) by KCl (498.1 g K kg−1). 

After incubation, one 70-day-old carobinha plantlet was transferred to each 
vase. Total P was applied on the same day; 40% N and K were added 30 days lat-
er; and the remaining was applied 60 (30%) and 90 (30%) days after transplant-
ing (DAT). At 151 DAT, 0.15 mL of a 1.2 kg L−1 fertilization solution (60 g Ca 
L−1, 12 g Mg L−1, 24 g S L−1, 2.4 g B L−1, 3 g Cu L−1, 12 g Mn L−1, 0.432 g Mo L−1 
and 12 g Zn L−1; Supra Mix®, Supra Fertilizantes) were added to each vase. The 
substrate was kept at 70% of the field capacity.  

Plant height and stem diameter were measured during the experimental cycle 
(between 44 and 672 DAT). At 259 DAT and 770 DAT, two entire plants were 
harvested in order to determinate xylopodium diameter; number of leaves and 
branches; leaf area; and the production of leaves, stems, xylopodium, and fresh 
and dry roots. The material was dried in a drying oven with forced air ventila-
tion, at 60˚C ± 5˚C, until it reached a constant weight. 

2.2. Chemical Analyses of Soils and Plants 

The substrate collected before correction and at 259 DAT was dried, under nat-
ural conditions, grinded and sieved (<2 mm). Then, were determined the pH 
(CaCl2), H + Al [SMP method, ln (H + Al) = 8.0857763 − 1.0621553 × pH SMP], 
K (flame photometry, Melich 1), Ca and Mg (atomic absorption spectrophoto-
metry-AAS, Varian SpectrAA-240 FS, Varian), Al (volumetry) and P (spectro-
photometry, Melich 1). Sum of bases (Ca + Mg + K), cation exchange capacity 
(CEC) (sum of bases + H + Al) and base saturation (sum of basis/CEC) were al-
so calculated. 

The leaves and roots from each sample were grinded using a knife grinder 
type Willye (0.841 mm). K (flame photometry), Ca and Mg (atomic absorption 
spectrophotometry), total N (Kjeldahl acid digestion) and P (spectrophotome-
try) were determined. The nutrient contents in the tissues were calculated by 
multiplying the nutrient concentration by the dry mass. 
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2.3. Statistical Analyses 

The open source software R [19] and Origin (OriginLab, Northampton, MA) 
were used to carry out the statistical analyses. The data vignette of R was stored 
in the EACS package [20]. The residues were initially tested for normality; if they 
did not show a normal distribution, the data were transformed using the boxcox 
test (MASS package) [21] in order to maximize their normality. Table 1 is all 
transformations. We then tested the constant effect of the treatments on the de-
pendent variables, with the random effect of the block per experimental unit, 
compared to the model with the random effect of the block (lme, nlme package) 
[22]. The same model was applied to test the combined effect of N and P on 
plant age, considering age as variable. 

Without the effect of the experimental unit, the linear models were tested (lm, 
lattice package) [23]. We tested the effect of nitrogen and phosphorus on nu-
trient concentration in the soil and on the leaves at 259 DAT, since at 770 DAT 
the amount of leaves was insufficient. The repetitions were therefore combined 
and only the effect of age at harvest was tested. Wireframe plots (lattice package) 
were used to build response surfaces and boxplots (ggplot2) were used to 
represent the graphs showing the effect of age at harvest [24]. The logistic non-
linear model adjusted itself to the effect of evaluation time on plant height, and, 
the modified Hill equation [25], to the effect of plant age on stem diameter. The 
repetitions were taken into account in the regressions, therefore, the coefficients 
of determination (R2) are multiple. 

3. Results and Discussion 
3.1. Effect of N and P Fertilization on Soil Chemistry 

Both N (p = 0.10) and P (p = 0.52) had no effect on soil pH (CaCl2). The N addi-
tion elevated of K contents (p = 0.01) and slight increased the levels of H + Al (p 
= 0.07). Intermediate N doses (24.85 mg∙dm−3) increased K levels to highest 
(0.34 cmolc∙dm−3) (maximum P), Figure 1(a). The regression models were not 
adjusted to the effect of N on H + Al (R², p = 0.59). The N addition elevated of H 
+ Al levels up to 31.5 mg∙dm−3 but, as doses increased, the levels drastically de-
creased. The P addition affected Mg levels (p = 0.01) and the sum of bases (p = 
0.02 and p = 0.02), and more slightly Ca contents (p = 0.04 and p = 0.07), CEC 
(p = 0.02 and p = 0.10) and base saturation (p = 0.05 and p = 0.09). However, the 
regression models were not adjusted to the effect of P on Ca (R2, p = 0.23), the 
sum of bases (R2, p = 0.11 and p = 0.15), the CEC (R2, p = 0.12) and the base sa-
turation (R2, p = 0.16). The proportional increase of P doses elevated the Mg 
contents up to a maximum of (5.39 cmolc∙dm−3) (minimum N), Figure 1(b). The 
addition of N and P affected the P levels (N, p < 0.01 and p = 0.03, and P, p < 
0.01 and p = 0.01) and the P recovery efficiency (N, p = 0.04 and P, p = 0.01). 
Soil supplementation with P (from 11.42 mg∙dm−3 until a maximum dose) and of 
N (until 19.32 mg∙dm−3) resulted in the highest P contents (38.56 mg∙dm−3), 
Figure 1(c). However, N and P had opposite effects on the P recovery efficiency:  
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Table 1. Regression equations of fitted models for plant age at evaluation or harvest (H), nitrogen (N) and phosphorus (P) effects. 

Dependent  
variable (dv) 

Transformation  
for Normality† 

Fitted models 
Multiple 

R² 

Soil chemistry 

K dv−0.41 
ŷ = −0.041849(p = 0.730)b1 − 0.0816(p = 0.044)b2 − 0.044357(p = 0.276)b3  

− 0.052133(p = 0.189)b4 + 0.116161(p = 0.018) N  + 0.007102(p = 0.205) P  − 0.01165(p = 0.019)N 
0.359(p = 0.039) 

Mg - 
ŷ = 4.879078(p < 0.000) b1 − 0.155711(p = 0.228)b2 − 0.027805(p = 0.833)b3  
− 0.022856(p = 0.858)b4 − 0.008871(p = 0.010)N + 0.003007(p = 0.008)P 

0.291(p = 0.063) 

P dv0.46 
ŷ = 0.83309(p = 0.911) ‡ b1a + 2.38973(p = 0.182)b2 + 1.8747(p = 0.307)b3 + 1.1502(p = 0.516)b4  

+ 2.27874(p = 0.295) N  - 2.44087(p = 0.033) P  - 0.25923(p = 0.237)N + 0.36121(p < 0.000)P 
0.922(p < 0.000) 

P  
expected/P soil 

- 
ŷ = 0.2687536(p = 0.009)b1 + 0.0353915(p = 0.125)b2 + 0.0289716(p = 0.220)b3 + 0.0173949(p = 0.444)b4  

+ 0.0394384(p = 0.161) N  − 0.0514625(p = 0.001) P  − 0.0038727(p = 0.170)N + 0.0029828(p = 0.001)P 
0.454(p = 0.013) 

Growth and development 

Plant  
height 

dv−0.19 

N and P effects: ŷ = 5.425592(p = 0.005) + 0.413743(p = 0.361) N  + 0.653603(p = 0.008) P   

− 0.144198(p = 0.037)N − 0.055969(p = 0.008)P + 0.101196(p = 0.177) N * P  

Plant age effect: ( )( )9.23491ˆ 2.91918 2.91918 15.23677 1 204.283y x= + − +  

- 
0.694 

(Χ² = 12.534, k = 524) 

Stem  
diameter 

dv−0.05 

N and P effects: ŷ = 2.4122229(p = 0.026) + 0.1398655(p = 0.629) N  + 0.5901713(p = 0.000) P   
− 0.0189229(p = 0.515)N − 0.0254747(p = 0.004)P 

Plant age effect: ( )
7.83389

7.83389 7.83389
ˆ 1.29818 8.80959 1.29818

224.89332
xy

x
= + − ×

+
 

- 
0.681 

(Χ² = 4.570, k = 536) 

Branching dv0.10 
ŷ = 1.624617(p = 0.101)b1 + 0.657073(p = 0.465)b2 − 0.845044(p = 0.362)b3 + 0.157073(p = 0.861)b4  
+ 0.052074(p = 0.024)N − 0.009139(p = 0.218)P + 3.281516(p < 0.000)Hb 

0.364 
(p = 0.000) 

Xylopodium  
diameter 

dv0.10 

ŷ = 12.44178(p = 0.001)b1 − 1.027(p = 0.230)b2 − 1.88898(p = 0.035)b3 − 2.47894(p = 0.005)b4  

− 1.78980(p = 0.207) N  + 0.04876(p = 0.771) P  + 0.20118(p = 0.162)N − 5.07082(p = 0.325)H  

+ 5.49379(p = 0.008) N  * H + 0.09654(p = 0.684) P *H − 0.56656(p = 0.007)N*H 

0.744 
(p < 0.000) 

Leaf area dv0.35 
ŷ = 465.37492(p < 0.000)b1 − 49.56625(p = 0.247)b2 − 69.63742(p = 0.116)b3 − 68.42314(p = 0.112)b4  
− 10.62847(p = 0.044)N + 0.31991(p = 0.518)P + 0.20204(p = 0.011)N2 − 416.06656(p = 0.000)H  
+ 14.188(p = 0.061)N * H − 0.40932(p = 0.559)P * H − 0.25522(p = 0.025)N2 * H 

0.705 
(p < 0.000) 

Dry leaves dv0.50 
ŷ = 8.628721(p < 0.000)b1 − 0.091967(p = 0.893)b2 − 0.740256(p = 0.297)b3 − 0.811167(p = 0.239)b4  
− 0.152607(p = 0.071)N − 0.005056(p = 0.526)P + 0.003567(p = 0.006)N2 − 8.059523(p < 0.000) H  
+ 0.183065(p = 0.131)N * H + 0.003525(p = 0.754)P * H − 0.003959(p = 0.031)N2 * H 

0.798 
(p < 0.000) 

Dry stems dv0.40 
ŷ = 0.67805(p = 0.654)b1 − 0.3142(p = 0.376)b2 − 0.70753(p = 0.056)b3 − 0.67275(p = 0.061)b4  

− 0.2451(p = 0.573) N  + 0.48083(p = 0.033) P  + 0.03615(p = 0.407)N − 0.02617(p = 0.048)P 
0.201 

(p = 0.048) 

Dry  
xylopodium 

dv0.20 
ŷ = 0.05681(p = 0.976)b1 + 0.948(p = 0.584)b2 − 0.68121(p = 0.702)b3 − 2.02281(p = 0.244)b4  
+ 0.05426(p = 0.216)N − 0.01043(p = 0.464)P + 6.95798(p < 0.000)H 

0.373 
(p = 0.000) 

Dry roots dv0.20 
ŷ = 3.7396659(p = 0.009)b1 − 1.4331236(p = 0.260)b2 − 1.2369638(p = 0.345)b3  
− 1.843158(p = 0.149)b4 + 0.0201585(p = 0.529)N + 0.0001814(p = 0.986)P + 5.1851406(p < 0.000)H 

0.366 
(p = 0.000) 

Nutrients concentration and content 

Leaf P  
concentration 

dv−0.05 
ŷ = 1.602808(p < 0.000)b1 + 0.204678(p = 0.355)b2 + 0.039961(p = 0.856)b3  
+ 0.011696(p = 0.958)b4 − 0.009975(p = 0.092)N + 0.004881(p = 0.013)P 

0.167 
(p = 0.194) 

Leaf N  
concentration 

- 
ŷ = 21.25279(p = 0.001)b1 + 5.75556(p < 0.000)b2 + 3.5(p = 0.005)b3 + 3.57778(p = 0.004)b4  

− 1.52302(p = 0.309) N  − 1.40047(p = 0.071) P  + 0.14062(p = 0.348)N + 0.08411(p = 0.066)P 
0.4611 
(p = 0.001) 
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Continued 

Root Mg  
concentration 

- 
ŷ = 2.056803(p = 0.000) + 0.0268999(p = 0.051)N + 0.0020677(p = 0.113)P  
− 0.0004479(p = 0.031)N2 − 0.4621669(p = 0.058)H − 0.0344858(p < 0.042)N * H  
− 0.0001672(p < 0.042)P * H + 0.0005432(p < 0.033)N2 * H 

- 

Root N  
concentration 

dv0.70 
ŷ = 11.3349596(p < 0.000)b1 + 0.8571477(p = 0.353)b2 + 1.6749204(p = 0.081)b3  
+ 1.5571477(p = 0.094)b4 + 0.0750559(p = 0.362)N − 0.0508524(p = 0.051)P  
− 0.0008661(p = 0.482)N2 + 0.000345(p = 0.011)P2 − 7.6807986(p<0.000) H 

0.726 
(p < 0.000) 

Root P  
concentration 

dv0.10 

ŷ = 2.391(p = 0.000)b1 − 0.02556(p = 0.899)b2 + 0.08954(p = 0.667)b3 + 0.2154(p = 0.285)b4  
− 0.007839(p = 0.754)N + 0.00002428(p = 0.998)P − 0.0004613(p = 0.411)N2 − 0.00001497(p = 0.800)P2  
+ 0.0002969(p = 0.301)N * P − 1.383(p = 0.050)H + 0.004393(p = 0.903)N * H + 0.004635(p = 0.681)P * H  
+ 0.001117(p = 0.175)N2 * H + 0.00009119(p = 0.292)P2 * H − 0.0006997(p = 0.093)N * P * H 

0.485 
(p = 0.000) 

Leaf K content dv0.31 
ŷ = 3.906313(p < 0.000)b1 + 0.062593(p = 0.907)b2 − 0.248765(p = 0.642)b3 − 0.530851(p = 0.312)b4  
+ 0.029042(p = 0.031)N − 0.002014(p = 0.631)P − 4.018072(p < 0.000)H 

0.712 
(p < 0.000) 

Leaf Ca content dv0.29 
62.079(p < 0.000)b1 − 0.98366(p = 0.905)b2 − 9.46959(p = 0.253)b3 − 10.92011(p = 0.178)b4  
+ 0.44128(p = 0.033)N − 0.02716(p = 0.6741)P − 62.04177(p < 0.000)H 

0.716 
(p < 0.000) 

Leaf Mg content dv0.25 
ŷ = 23.13(p < 0.000)b1 − 1.396(p = 0.544)b2 − 3.124(p = 0.172)b3 − 3.109(p = 0.163)b4 − 0.4771(p = 0.052)N  
+ 0.0003478(p = 0.988)P + 0.0103(p = 0.006)N2 − 0.2101(p = 0.001)H + 0.5867(p = 0.151)N * H  
− 0.0102(p = 0.774)P * H − 0.01146(p = 0.056)N2 * H 

0.770 
(p < 0.000) 

Leaf N content dv0.27 
ŷ = 133.1(p < 0.000)b1 + 9.096(p = 0.490)b2 - 16.33(p = 0.212)b3 − 15.07(p = 0.238)b4 − 3.209(p = 0.025)N  
+ 0.2466(p = 0.573)P + 0.06748(p = 0.002)N2 − 0.00137(p = 0.530)P2 - 117.2(p = 0.009)H  
+ 3.385(p = 0.154)N * H − 0.385(p = 0.577)P * H − 0.06893(p = 0.049)N2 * H + 0.001938(p = 0.572)P2 * H 

0.806 
(p < 0.000) 

Leaf P content dv0.25 
ŷ = 10.948408(p = 0.007) − 0.319135(p = 0.120)N + 0.099322(p = 0.123)P + 0.006029(p = 0.053)N2  
− 0.000384(p = 0.227)P2 − 9.793508(p = 0.122)H + 0.3227(p = 0.336)N * H  
− 0.111079(p = 0.260)P * H − 0.005992(p = 0.226)N2 * H + 0.000449(p = 0.357)P2 * H 

- 

Root Ca content dv0.08 

ŷ = 10.33276(p = 0.704)b1 − 5.67455(p = 0.224)b2 − 8.03203(p = 0.096)b3 − 9.28819(p = 0.049)b4  

− 1.4206(p = 0.857) N  + 1.44502(p = 0.719) P  + 0.20271(p = 0.798)N − 0.09138(p = 0.701)P  

+ 44.28281(p = 0.262)H − 2.66291(p = 0.815) N  * H − 8.87399(p = 0.129) P *H  
+ 0.14825(p = 0.897)N * H + 0.62855(p = 0.070)P * H 

0.3333 
(p = 0.017) 

Root P content dv0.21 

ŷ = 9.5097314(p = 0.141)b1 − 1.8589245(p = 0.474)b2 − 3.1484625(p = 0.240)b3 − 2.8415475(p = 0.275)b4  
− 0.1465441(p = 0.645)N + 0.0347105(p = 0.728)P + 0.0002882(p = 0.968)N2 − 0.0003529(p = 0.638)P2  
+ 0.0015151(p = 0.676)N * P − 0.0498683(p = 0.996)H − 0.0035868(p = 0.994)N * H  
+ 0.0241799(p = 0.868)P * H + 0.0137572(p = 0.200)N²*H + 0.0016135(p = 0.154)P² * H  
− 0.0090576(p = 0.091)N * P * H 

0.358 
(p = 0.023) 

†Defined by the Box-Cox test. ‡Probability by F test. aThe block (b) 1 coefficients are used to surface plot. bThese coefficients must add or subtract to coeffi-

cients of intercept or b1, and respectively effects (N, P, P2, N2, N , P  and their interactions) on harvest of 770 DAT. 

 
intermediate N doses increased, while P doses reduced it. The lower N dose and 
74.42 mg∙dm−3 P resulted in the lowest recovery efficiency (0.11), whereas 25.93 
mg∙dm−3 N and the lowest P dose caused the highest P recovery efficiency (0.24), 
Figure 1(d). 

Ca2(H2PO4) contains 150 g Ca kg−1, therefore supplementation with crescent P 
doses resulted in increased Ca levels, and consequently higher sum of bases, base 
saturation and CEC. The soil acidification (characterized by a pH varying be-
tween 5.71 and 6.43) resulting from elevated H + Al as a consequence of N addi-
tion increased P availability in the soil solution [26]. 
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Figure 1. Effect of nitrogen (N) and phosphorus (P) fertilization on soil chemistry. K (a), Mg (b), P (c) and expected P/soil P (d) 
by nitrogen and phosphorus doses. Fitted models are in Table 1. Soil sampled at 259 DAT, sample composed of substrate col-
lected from two vases. Mg (KCl), P and K (Mehlich 1). 

3.2. Effect of Plant Age or Age at Harvest and of N and P  
Fertilization on the Carobinha Development 

Plant age had an effect on plant height and stem diameter (p < 0.01), while age at 
harvest affected the number of branches, xylopodium diameter, leaf number, 
and leaf area (p < 0.01). Plant height slowly increased up to 105 DAT (0.0000059 
- 0.0012 cm∙day−1), and then rapidly until 359 DAT (0.0024 - 0.1408 cm∙day−1), 
with a peak at 200 DAT. After that, the growth rate decreased from 0.00079 to 
0.000011 cm∙day−1 at 662 DAT (Figure 2(a1)). Likewise, stem diameter slowly 
increased until 121 DAT (0.0000099 - 0.0024 mm∙day−1), rapidly until 426 DAT 
(0.0021 - 0.0665 mm∙day−1), reaching a peak at 218 DAT, and continued growing 
at a reduced rate (from 0.00087 to 0.000018 mm∙day−1) until 672 DAT (Figure 
2(b1)). From 259 DAT, stem diameter increased at a higher rate [up to 372.04% 
(cm/mm) higher at 662 DAT] than plant height. 
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Supplementation with both N and P resulted in an elevation in plant height (p 
= 0.01). Increasing the N dose up to 26.03 mg∙dm−3 and the P dose up to 109.23 
mg∙dm−3 led the plants to reach their maximum height (9.90 cm) (Figure 2(a2)). 
P addition also increased stem diameter in up to 54.42% (p < 0.01 and p = 0.01) 
at the highest dose (Figure 2(b2)). 

Between 259 and 770 DAT, the number of branches expanded 1518.22% 
(Figure 3(a)), and, xylopodium diameter, 66.49% (Figure 3(b)). However, the 
leaf area reduced 87.43% (Figure 3(c)). 

N slightly promoted branching (p = 0.07) (Figure 3(a)) and acted inversely on 
xylopodium diameter (p = 0.01) (Figure 3(b)) and leaf area (p = 0.04) (Figure 
3(c)) between 259 and 770 DAT. N addition led to the maximum branching 
(4.65 branches/plant at 259 DAT and 7.94 branches/plant at 770 DAT) at the 
highest dose (minimal P) (Figure 3(a)). At 259 DAT, the application of inter-
mediate doses of N led to a reduction in xylopodium diameter until the lowest 
value of 8.61 mm/plant at a dose of 19.79 mg∙dm−3 N (Figure 3(b)) and the 
smallest leaf area of 328.65 mm2/plant at a dose of 26.30 mg∙dm−3 N (minimal P)  

 

 
Figure 2. Effects of plant age or age at harvest and of nitrogen (N) and phosphorus (P) fertilization on the carobinha growth. 
Plant height ((a) and (b)) and stem diameter ((c) and (d)) by plant age (1) (n = 72 - 144) and the N and P doses (2) (n = 2 - 4). 
Fitted models are in Table 1. Plant height and stem diameter refer to the average values between treatments. Bars indicate stan-
dard error (±). 
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Figure 3. Effects of plant age or age at harvest and of nitrogen (N) and phosphorus (P) fertilization on the carobinha growth. 
Branching (a), xylopodium diameter (b) and leaf area (c) by age at harvest and the N and P doses (n = 2). Fitted models are in 
Table 1. 
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(Figure 3(c)). However, at 770 DAT, the addition of intermediate N doses 
caused the xylopodium to reach its largest diameter (18.72 mm/plant) at 25.69 
mg∙dm−3 of N (highest P) and leaf area (108.02 mm2/plant) at 33.47 mg∙dm−3 of 
N (lowest P). 

Plants at 259 DAT produced more leaves (Figure 3(c) and Figure 4(a)). In 
contrast, the plants produced less xylopodium (Figure 4(b)) and dry roots 
(Figure 4(d)) (p < 0.01) than those at 770 DAT. Plants at 770 DAT produced 
90.99% less dry leaves, 261.83% more dry xylopodium and 121.57% more dry 
roots. Applying N increased production of dry leaves (p = 0.04) (Figure 4(a)) at 
259 DAT. In addition, the N promoted the production of dry xylopodium (p < 
0.10) (Figure 4(b)). Supplementation with P caused a higher production of dry 
stem (Figure 4(c)). At 259 DAT harvest, when applied N dose of 21.71 mg∙dm−3 
plants produced the lowest dry leaves biomass (6.08 g/plant) (highest P). How-
ever, at highest N dose the plants produced the highest dry leaves biomass (12.22 
g/plant) (minimal P). In regard with plants at 770 DAT, the addition of N doses 
up to 38.85 mg∙dm−3 increased dry leaf production until a maximum of 1.15 
g/plant (minimal P). Supplementation with P led to the largest increase in the 
production of dry stem (3.15 g/plant at 84.39 mg∙dm−3) (minimal N). N addition 
resulted in xylopodium production growing proportionally to the fertilization 
dose: the highest dose caused the highest production of dry xylopodium (2.49 
g/plant at 259 DAT and 10.16 g/plant at 770 DAT) (minimal P). 

The growth of the carobinha is age and season dependent. As the life cycle 
progresses, more stem and more branches are produced in detriment of height, 
with a reflection on the increased growth of the xylopodium, a storage organ 
important for the regrowth after the dormancy period and environmental 
stresses [27]. This phenomenon defines the change in the growth behavior along 
the life cycle, justifying the formation of underground forests in native areas, 
with sprouts emerging from the xylopodium or from the stem base [28]. The 
large decrease in leaf number in the older plants indicates that the deciduousness 
typical of the species [29] occurs even in the absence of a water deficit. Consi-
dering that the carobinha organs used in the traditional medicine are the leaves 
and the roots [5] [6], the best time to harvest must be taken into account, since, 
the older the plant, the higher root production is. On the other hand, leaf pro-
duction is larger upon regrowth in summer and lower in winter. 

Within the fertilizer levels tested, some traits of plant growth (plant height 
and stem diameter) reached their highest values for N and P as demonstrated by 
[17] for Acer mono. However, several traits reached their highest values only for 
N levels (diameter of xylopodium, leaf area and dry leaves biomass) or P levels 
(fresh stem) and others (dry branches and xylopodium biomass) did not reach 
their highest growth within the doses of N and P tested. At the beginning N 
probably promoted stem cellular division, since it constitutes the aminoacids 
required in large amount in the initial growth stages. It later promoted cell 
elongation and stem development [30]. Larger leaf area during physiological 
dormancy may increase water loss, causing a hydric unbalance in the plants. The  
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Figure 4. Effects of age at harvest and of nitrogen (N) and phosphorus (P) fertilization on carobinha yield. Production of dries 
leaves (a); dry xylopodium (b) by age at harvest and N and P doses (n = 2). Dry stem (c) by N and P doses (n = 4). Dry root (d) by 
age at harvest (n = 36). Fitted models are in Table 1. Stem production is the average of both harvests (259 and 770 DAT), and root 
production refers to the average between treatments. Bars in the boxplot graphs indicate variability outside the upper and lower 
quartile, out-of-graph points indicate outliers, and the width of the box indicates the sample size. ***p > 0.001 by F test. 
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fact that fertilization with nitrogen and phosphorus had no effect on root pro-
duction seems to confirm that root growth does not depend on nutrient supple-
mentation [29] [31] [32]. However, in a previous study, the addition of P to-
gether with chicken manure fertilizer led to increased root production [13]. In 
the present work, we showed that nitrogen fertilization affects the development 
of the aerial part in the carobinha, reflected in a higher number of leaves, whe-
reas supplementation with P increases stem production, an interesting observa-
tion considering the change in plant growth. 

3.3. Effect of Age at Harvest and N and P Fertilization  
on Nutrient Uptake 

Macronutrient concentration decrease in older plants. In the leaves between 259 
and 770 DAT, Ca levels reduced 14.23% (p = 0.03) (Figure 5(a)); Mg levels 
39.40% (p < 0.01) (Figure 5(b)) and N levels were 35.01% lower (p < 0.01) 
(Figure 5(c1)). Soil fertilization with P affected the concentration of K (p = 
0.04), N (p < 0.07) and P (p = 0.01) in the leaves as well; however, N and P had  

 

 
Figure 5. Effects of age at harvest and of nitrogen (N) and phosphorus (P) fertilization on macronutrient concentrations in caro-
binha leaves. Ca (a), Mg (b) and N (c1) by age at harvest (n = 36). N (c2) and P (d) by N and P doses in the plants harvested at 259 
DAT (n = 8). Fitted models are in Table 1. Ca, Mg and N levels represent the average of treatments. Bars in the boxplot graphs 
indicate variability outside the upper and lower quartile, out-of-graph points indicate outliers, and the width of the box indicates 
the sample size. *p > 0.05, **p > 0.01, ***p > 0.001, and ****p > 0.0001 by F test. 
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no effect on Ca (N, p = 0.98 and P, p = 0.80) and Mg levels (N, p = 0.85 e P, p = 
0.59) in the leaves. Regarding K, the P coefficients were significant in the qua-
dratic (p = 0.04) and quadratic root (p = 0.02) models, while the coefficients of 
regression determination were not (R2 = 0.22, p = 0.21 and R2 = 0.26, p > 0.10, 
respectively). Supplementation with P reduces the N levels from highest (15.20 
mg∙g−1) at the minimal P dose to lowest (12.06 mg∙g−1) at a dose of 69.31 
mg∙dm−3 of P (highest N) (Figure 5(c2)). Nevertheless, the addition of P pro-
portionally increased the P concentrations, reaching a maximum of 1.65 mg∙g−1 
at the highest dose (minimal N) (Figure 5(d)). 

In the roots, between 259 and 770 DAT, K levels decreased 50.32% (p < 0.01) 
(Figure 6(a)); Ca levels 7.08% (p = 0.04) (Figure 6(b)); Mg levels 29.80% (p < 
0.01) (Figure 6(c)) and N levels were 59.91% lower (p < 0.01) (Figure 6(d)). P 
concentration constituted an exception, increasing 232.74% (p < 0.01) (Figure 
6(e)). 

Addition of N and P did not affect K (N, p = 0.36 and P, p = 0.46) or Ca levels 
(N, p = 0.27 and P, p = 0.81) on the roots. However, adding N increased Mg le-
vels at 259 DAT and reduced Mg levels at 770 DAT (p = 0.03). Fertilization with 
P led to increased Mg levels at both harvests (p < 0.05) (Figure 6(c)). At 259 
DAT, 30.03 mg∙dm−3 N and the highest P dose resulted in the highest Mg levels 
(2.84 mg∙g−1), while, at 770 DAT, 39.80 mg∙dm−3 of N and the minimal P dose 
resulted in the lowest Mg levels (1.46 mg∙g−1). Supplementation with both N (p = 
0.01) and P (p = 0.04) led to increased N concentrations (Figure 6(d)); and 
43.32 mg∙dm−3 N and the higher P dose led to the maximum N concentrations 
(15.11 mg g−1, at 259 DAT and 7.43 mg∙g−1 at 770 DAT). However, P acted more 
expressively at the dose of 133.86 mg∙dm−3 or higher. In this context, the minim-
al N dose and 73.70 mg∙dm−3 P resulted in the lowest N levels (9.76 mg∙g−1 at 259 
DAT and 2.08 mg∙g−1 at 770 DAT). The combined addition of N and P led to in-
creased P concentrations at 259 DAT (Figure 6(e)); the addition of 49.97 
mg∙dm−3 of N and the maximum P dose increased the P concentration to its 
maximum (3.05 mg∙g−1). However, at 770 DAT the isolated effect of each nu-
trient was stronger than their combined action. At the lowest P dose, N addition 
elevated P concentration from 1.04 mg∙g−1 (4.20 mg∙dm−3) to 2.97 mg g−1 (59.85 
mg∙dm−3) (p = 0.04). 

In the leaves, age at harvest and N fertilization had isolated effects on content 
levels of K (harvest, p < 0.01 and N, p = 0.03) (Figure 7(a)) and Ca (harvest, p < 
0.01 and N, p = 0.06) (Figure 7(b)). Combined, they had a slight effect on Mg 
contents (p = 0.09) (Figure 7(c)). Age at harvest isolated, together with N and 
with P addition acted on N contents (harvest, p < 0.01, N²*harvest, p = 0.09, and 
P²*harvest, p = 0.07) (Figure 7(d)). Age at harvest isolated, together with P, and 
N isolated addition acted on P contents (harvest, p < 0.01, P*harvest, p = 0.09, 
and N, p = 0.09) (Figure 7(e)). The increase in plants age resulted in a decrease 
of 85.90% in K, of 79.33% in Ca, of 88.92% in N and of 90.26% in P levels. In-
creasing amounts of N elevated proportionally the contents of K, Ca and P. The  
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Figure 6. Effects of age at harvest and of nitrogen (N) and phosphorus (P) fertilization on macronutrient concentrations in caro-
binha roots. K (a) and Ca (b) by age at harvest (n = 36). Mg (c), N (d) and P (e) by age at harvest and N and P doses (n = 8). Fitted 
models are in Table 1. K and Ca represent the average of treatments. Bars in the boxplot graphs indicate variability outside the 
upper and lower quartile, out-of-graph points indicate outliers, and the width of the box indicates the sample size. *p > 0.05, **p > 
0.01, ***p > 0.001, and ****p > 0.0001 by F test. 
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Figure 7. Effects of age at harvest and of nitrogen (N) and phosphorus (P) fertilization on 
nutrient contents in the carobinha. Contents of K (a), Ca (b), Mg (c), N (d) and P (e) in 
the leaves by age at harvest (259, n = 8 and 770 DAT, n = 5) and N and P doses. Fitted 
models are in Table 1. 
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highest N dose led to the highest K (5.63 mg at 259 DAT and 1.61 mg at 770 
DAT), Ca (88.23 mg at 259 DAT and 26.19 mg at 770 DAT). The highest N dose 
regardless of harvest ages led to the highest leaf P contents (19.86 mg at 259 
DAT and 1.51 mg at 770 DAT) but with an increase in the P dose up to 129.33 
mg∙dm−3 in the younger plants (259 DAT) and to the highest P dose in the older 
plants (770 DAT). On the other hand, in the older plants, an increase in the N 
dose up to 47.24 mg∙dm−3 elevated the Mg levels to a maximum of 23.72 mg 
(minimal P). An increment in the P dose up to 90 mg∙dm−3 at 259 DAT and the 
minimum P dose at 770 DAT, both with maximum N dose increased the leaf N 
content to the highest levels (193.85 mg at 259 DAT and 5.22 mg at 770 DAT). 

In the roots, age at harvest and N (p > 0.99) and P (p = 0.81) addition did not 
affect K contents. However, age at harvest and P addition had a slight effect on 
Ca contents p = 0.08) (Figure 8(a)). In the plants at 259 DAT, an increment in 
the P dose up to 62.52 mg∙dm−3 resulted in the highest levels of radicular Ca 
(17.19 mg), while an increase to the maximum P dose resulted in the lowest Ca 
contents (10.72 mg). As the plants aged, Ca contents decreased, whereas P addi-
tion starting at a dose of 47.82 mg∙dm−3 increased these levels from a minimum 
of 18.34 mg until a maximum of 45.18 mg at the highest P dose. On the other 
hand, with aging, Mg contents increased 69.57% (p = 0.01) (p = 0.01) (Figure 
8(b)). The N addition affected N contents in the roots (p = 0.02) (Figure 8(c)). 
However, the linear (R2 = 0.108, p = 0.19) and quadratic root models (R2 = 0.101, 
p = 0.23) were not adjusted to the effects of N. The N addition proportionally 
increased the levels of radicular N up to a maximum of 58.09 mg at the highest 
N dose. Together with age at harvest, N and P addition affected P contents (p = 
0.04) (Figure 8(d)). In the plants at 259 DAT, the highest N and P doses led to 
the highest P levels (12.90 mg). However, the same N dose combined with the 
lowest P dose reduced the P contents to the minimum (2.94 mg). In the older 
plants (770 DAT), the lower N dose combined with the higher P dose resulted in 
a higher P level (55.63 mg), while the same N dose together with the lower P 
dose led a lower P content (9.45 mg). 

The effect of fertilization or other treatments on nutrient uptake in the plant 
tissues depends on the combined action of each of them on the nutrient concen-
tration and contents in the plant and on biomass production [33]. When the ca-
robinha is younger and the roots are smaller, there is Ca and Mg concentration 
in the roots and antagonism to P. However, as the plant ages, the root biomass 
increases, therefore causing a dilution of radicular Ca and Mg and P synergism 
in the roots. This occurs because, upon growing, the roots reach the 
less-exchangeable P in the soil due to increased radicular interception and a 
lower diffusion distance, incrementing nutrient uptake [11] [34]. Leaf deci-
duousness in older plants (770 DAT) may have led to Mg and N translocation 
from older to younger leaves. However, regarding the levels of Ca, which does 
not move in the leaves, age progression led to a two-fold reduction in the leaves 
when compared to the reduction observed in the roots (Figure 7(b) and Figure 
8(a)), indicating that Ca translocation is very low or null. In the younger plants,  
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Figure 8. Effects of age at harvest and of nitrogen (N) and phosphorus (P) fertilization on 
nutrient contents in the carobinha roots. Contents of Ca (a) and P (d) by harvest age 
(259, n = 8 and 770 DAT, n = 5) and, N and P doses. Mg contents (b) by plant age at 
harvest (259, n = 72 and 770 DAT, n = 45). N levels (c) by N doses (n = 16 - 48). Fitted 
models are in Table 1. The Mg levels represents the average between treatments, and N 
contents refer to the average harvest age and the average P doses. Bars in the boxplot 
graphs indicate variability outside the upper and lower quartile, out-of-graph points in-
dicate outliers, and the width of the box indicates the sample size. *p > 0.05, **p > 0.01, 
***p > 0.001, and ****p > 0.0001 by F test. 
 
N and P act synergistically on radicular P contents. On the other hand, in the 
older plants, the combined increase in the N and P doses had an antagonist ef-
fect on the levels of radicular P. Increased N availability usually leads to incre-
mented P uptake [14]. Nevertheless, in the present work such effect occurred 
only in the younger plants. As they aged, the effect of P from the roots seemed to 
be more important than its synergism with N. 
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In the roots, supplementation with N acted synergistically with N, regardless 
of age, and with K, Ca, Mg, N and P in the leaves. However, it had no effect on K 
and Ca contents in the roots, since it did not affect radicular development. The 
growing addition of S doses in the form of ammonium sulfate may have in-
creased the availability of ferredoxin (Fe2S2) involved in the transformation of 
glutamine into glutamate following N uptake [15]. Furthermore, S is also present 
in cysteine and methionine, both crucial aminoacids in the assimilation of N in-
to proteins, incrementing foliar N contents. Enhanced N uptake by the plants 
increases K demand in the tissues, and may result in K deficiency or dilution 
[14]. However, fertilization with K must have been sufficient to supply the in-
creased demand caused by the foliar growth promoted by N. Due to its role in 
the incremented foliar growth, N also increased Ca demands in the leaves. Be-
sides, with the elevated chlorophyll levels caused by higher N availability, the 
demand for Mg, a chlorophyll constituent [12], increased as well. 

Despite the fact that supplementation with P increased Mg and N concentra-
tions in the roots and P levels in the leaves, reducing K and N levels in the leaves. 
Nevertheless, P did not show a clear effect on these levels, since it did not affect 
Mg and N contents in the roots or K contents in the leaves, but increased foliar 
N contents. Furthermore, K, Ca and Mg contents in the leaves did not show any 
response to P fertilization. In the roots and leaves, P acted synergistically only 
with itself, due to the increased P availability in the soil. 

This study was done under moderately controlled conditions, so in the field 
the plant response may be different. But it shows that the phosphorus and ni-
trogen fertilizer together allow further development of carobinha plants. Popula-
tion studies can better clarify the role of N and P fertilization in the genetic di-
versity of the species. In addition, we observed high diversity among the plants, 
since the species has not yet been selected. Thus, both individuals responsive and 
efficient in the use of nutrients should be selected for commercial production 
[35]. We did not determine the levels of nitrate (N-NO3) and nitrite (N-NO2) in 
plant tissue, N forms that may be toxic to humans [36]. Therefore, future studies 
can determine these levels in the tissues and indicate the level of nitrogen fertili-
zation in the carobinha that is safe for human health [37]. Future studies may 
also quantify the loss levels of N and P. 

4. Conclusions 

N and P fertilization promotes the aerial development of plant and a differential 
allocation of nutrients between the carobinha tissues. N acts on the development 
of the aerial part, depending on the plant age, and on the nutrient allocation in 
the leaves. The effect of P on the development and nutrient allocation in the 
roots are independent of plant age. The carobinha grows as part of the 
sub-shrubs in the Cerrado. The growth is rapid in the younger plants and slower 
in adult plants. The growth changes from vertical to horizontal through stem 
development and the production of branches. The deciduousness in carobinha 
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plants is independent of water availability. Nutrient contents in foliar and radi-
cular tissues are usually lower in the adult plant, with the exception of P, which 
increases. In the leaves, macronutrient levels increase with age, compared with 
the roots. In the younger plants, there is a nutrient concentration in the roots 
and an allocation synergy in the leaves. However, in adult plants, nutrient con-
tents dilute in the roots, while in the leaves, exchangeable nutrients concentrate 
and less motile nutrients suffer an antagonistic effect. 
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