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Abstract
The development and productivity of the Amazon Forest are limited by the availability of phosphorus (P) in P-impoverished 
soils. Applying structural equation modeling (SEM) to develop hypothetical models capable of integrating multiple P 
absorption strategies and its soil cycle enables holistic understanding of the functionality of tropical forest ecosystems. Six 
structural models were developed using latent variables and their respective measurable indicators, and grouped into soil 
P pool (Po, Pi, occluded P), pools of root morphology (specific root length, root tissue density, and mean root diameter), 
biotic absorption (arbuscular mycorrhizal associations), and physiological absorption (acidic root phosphomonoesterase 
enzyme). All structural models confirm the theoretical concept of interdependence between P pools and pools with different 
P absorption strategies used by the Amazon Forest in P-impoverished soils. The models demonstrated that root morphology 
has a significant and simultaneous influence on mycorrhizal fungi and acid phosphomonoesterase activity, and that Po is 
the main source of P for maintaining the forest ecosystem. Structural equation modeling with latent variables was able to 
simplify the relationship between the P cycle and plant strategies for P acquisition, and thus provide a holistic view of these 
mechanisms in low fertility soils in Central Amazonia. The models showed that all P uptake strategies manifest themselves 
simultaneously at the ecosystem level, but the predominance of a given strategy will depend on the metabolic cost/benefit 
balance as a function of P transformations in the soil of the forest site.
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Abbreviations
SEM	� Structural equation modeling
SRL	�  Specific root length
SRA	� Specific root area
RTD	� Root tissue density
MRD	� Mean root diameter
AM	� Arbuscular mycorrhizas
APase	� Acid phosphomonoesterase

Pi	� Inorganic phosphorus
Po	� Organic phosphorus

1  Introduction

The tropical forests of the Amazon Basin occur on a wide 
variety of different soil orders reflecting a rich diversity of 
geologic origins and geomorphic processes (Quesada et al. 
2011), with about 30% represented by oxisols (Malhi and 
Wright 2004; Quesada et al. 2011). These soil orders are 
characterized as severely phosphorus-impoverished soils 
because they release a small fraction of phosphorus (P) by 
the weathering of parent material, and have high P sorp-
tion capacity (de Mesquita Filho and Torrent 1993; Driessen 
et al. 2001; Quesada et al. 2011). Readily available mineral P 
(Pi) decreases during pedogenesis, and most P is in organic 
forms (Po) or bound to soil minerals or occluded within Al 
and Fe oxides (Walker and Syers 1976). Thus, at a later 
stage of pedogenesis, Po becomes the main pool of P for 
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the maintenance of forest ecosystems (Turner and Condron, 
2013). Po inputs into the soil occur by the roots, litter, and 
microbial biomass (Bünemann and Condron 2007; Condron 
et al. 2005; George et al. 2018; Rubaek and Sibbesen 1993).

In this sense, it is important to understand how tropical 
forests manage to maintain plant growth and production, 
even with restricted soil P availability. Tropical tree species 
have adapted and evolved several root strategies to enhance 
Pi acquisition in low-P environments (Guilbeault-Mayers 
et al. 2020; Reichert et al. 2022), including root architecture 
and morphology related to improving P-uptake (Freschet 
et al. 2021; Haling et al. 2018; Postma et al. 2014; Vance 
et al. 2003); synthesis of root phosphatase enzymes, secre-
tion of organic anions, and release of protons in the rhizo-
sphere region increasing mobilization of moderately labile 
Pi and Po (Han et al. 2021; Hinsinger et al. 2003; Pang et al. 
2018; Richardson and Simpson 2011); and symbiotic asso-
ciations with arbuscular mycorrhizal (AM) fungi, in which 
hyphae can access labile Pi and exploit soil micropores that 
the root system cannot reach (Clark and Zeto 2000; Reichert 
et al. 2022; Smith et al. 2011; van der Heijden et al. 2015); 
AM fungi are also able to synthesize phosphatase enzymes 
to access organic sources of P that are not initially available 
to plants (Liu et al. 2018; Turner, 2008).

In a recent study, Lugli et al. (2020) aimed to understand 
the P acquisition strategies in a forest site in the Central 
Amazon region by evaluating the morphological, physio-
logical (phosphatase activities — APase), and biotic (arbus-
cular mycorrhizal associations — AM) adaptations of the 
rhizosphere. Using bivariate correlations, these authors 
reported that root morphology would be the main mecha-
nism to increase the P uptake efficiency in the soil, while Pi 
uptake by AM and Po hydrolysis by APase enzyme exudation 
were considered complementary mechanisms for acquiring 
the element. However, as the bivariate correlations do not 
integrate the different relationships which influence the 
functional characteristics of the roots, they do not provide a 
holistic view of the different strategies that can be used by 
the root system to increase the obtainment of P in the soil.

The holistic approach of P acquisition strategies requires 
the use of statistical techniques which enable a multivariate 
overview of the soil–plant system so that hypotheses can be 
developed from solid foundations. In this sense, the use of 
structural equation modeling (SEM) with latent variables 
combined with the use of P fractionation techniques has 
provided important contributions to the understanding of 
the P cycle, in which the organic P pool constitutes the main 
source to the available P pool in highly weathered tropi-
cal forest soils (Costa et al. 2016; Gama-Rodrigues et al. 
2014; Sales et al. 2017; Viana et al. 2018). However, none 
of these studies addressed root system traits related to P 
uptake. Therefore, the use of SEM to deepen these studies 
is a novelty that can collaborate to confirm concepts in more 

detail or reveal hypotheses that will help to understand the 
functioning of natural ecosystems and enable their sustain-
able management.

Structural equation modeling (SEM) is being increasingly 
used in confirmatory multivariate tests or in exploring pos-
sible alternative hypotheses in natural systems (Grace et al. 
2010). The ability to perform confirmatory tests and testing 
multivariate hypothesis allows SEM to move beyond the 
descriptive nature of traditional statistics to a more advanced 
inferential approach (Grace and Bollen, 2006). Simplifying 
and integrating factors that can influence the transforma-
tions of a given ecosystem is possible by joining measurable 
variables with latent variables (constructs) in a hypothetical 
model (Grace and Bollen 2006; Oliveira et al. 2018). Latent 
variables are not measured, and therefore, they are conceptu-
alized through the theory on a given topic; thus, it is possible 
to represent underlying causes that can increase understand-
ing of the interconnections related to the soil–plant system 
(Rinaldi et al. 2021). Another advantage of using the con-
structs is the approach to measurement errors, which can 
happen during data collection, but which are not considered 
in conventional statistical analyses. Both the use of error 
variances and the addition of a covariation relation enable 
discovering external influences which were not considered 
in the hypothetical model, but that may be inducing the fitted 
structural model (Grace et al 2014; Hair et al. 2009).

The hypothesis of the present study is that hypothetical 
structural models capable of integrating the soil P cycle 
and the multiple P acquisition strategies by plants allow a 
holistic understanding of the functionality of tropical for-
est ecosystems. To address this, we used the SEM method 
with latent variables to demonstrate the interconnections that 
occur between the different morphological, physiological, 
and biotic adaptations of the rhizosphere and the different 
soil P forms in P-impoverished environments in Central 
Amazonia.

2 � Material and Methods

2.1 � Data Collection

Structural models were built with data from Lugli et al. 
(2020) collected from oxisols under an ancient terra firme 
lowland forest with a mean annual rainfall of 2400 mm, no 
water deficit, and mean annual temperature of 26 °C, located 
in the municipality of Manaus, State of Amazonas, Brazil. 
The study related P fractionation with some plant strategies 
for uptake in soils with low P levels in a Central Amazon 
forest. Hedley fractionation (Hedley et al., 1982) was used 
to obtain fractions (mg kg−1) of organic P (Po), inorganic 
P (Pi), and occluded P for the 0–10-cm soil depth from 32 
plots (40 m × 40 m) established in areas with similar soil, 
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vegetation (high species diversity), and flat relief, with plots 
at least 50 m away from each other. Total P (acid diges-
tion) ranged from 118 to 217 mg kg−1, while the fractions 
of Resin-P ranged from 2.6 to 6.4, bicarbonate-Pi varied 
from 0.4 to 2.5, bicarbonate-Po ranged from 3.7 to 10.1, 
hydroxide-Pi varied from 11.3 to 20.7, hydroxide-Po ranged 
from 9.7 to 19.1, HCl-P varied from 0.8 to 2.3, and resid-
ual P ranged from 69 to 167 mg kg−1. Root morphology 
data of different individuals from the forest site were used 
to represent the different P uptake strategies, with meas-
urements of mean root diameter (MRD: 0.39–1.11 mm), 
specific root length (SRL: 0.59–4.15 cm mg−1), and root 
tissue density (RTD: 142–419  mg  cm−3). Data on the 

root acid phosphomonoesterase enzyme activity (APase: 
16–66 nmol mg−1 h−1) (physiological absorption) and data 
on the arbuscular mycorrhizal (AM: 10–81%) fungi colo-
nization (biotic absorption) were also used. Methods for 
measuring root morphology, root phosphatase activity, and 
mycorrhizal colonization are detailed in Lugli et al. (2020).

2.2 � Structural Equation Models

Four hypothetical structural models were developed, called 
model A (Fig. 1), model B (Fig. 2), model C (Fig. 3), and 
model D (Fig. 4). The first three models (A, B, and C) were 
constituted by the latent variables: root morphology pool, 

Fig. 1   Model A: Theoretical structural model of the influence of soil 
P on plant absorption strategies. Latent variables are represented in 
circles or ellipses. The values correspond to the standardized esti-

mated parameters (p < 0.001), with factorial loads ϒ and β between 
exogenous and endogenous; ζ are the error variations of the endog-
enous latent variables

Fig. 2   Model B: Theoretical structural model of the influence of soil 
P on plant absorption strategies, and this on root morphology, biotic, 
and physiological absorption. Latent variables are represented in cir-
cles or ellipses. The values correspond to the standardized estimated 

parameters (p < 0.001), with factorial loads ϒ and β between exog-
enous and endogenous; ζ are the error variations of the endogenous 
latent variables
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physiological absorption pool, biotic absorption pool, and 
P pool, which conceptually represents all soil P forms, spe-
cifically affecting three pools of the P cycle: organic P (Po), 
inorganic P (Pi), and occluded P. The Po, Pi, and occluded P 
pools are latent exogenous variables and available P pool is 
latent endogenous variable in model D (Fig. 4). Addition-
ally, submodels (Supplementary material) were developed 
to demonstrate the degree of influence between the P cycle 
variables (Submodel 1 — Figure S1) and between the plant 
P-absorption strategies (Submodel 2 — Figure S2) in parts, 

and thus present how the four tested hypothetical structural 
models were developed.

A convergent analysis of the constructs was performed to 
indicate how well a latent variable (constructs) was devel-
oped. This analysis manages to assess the reflection degree 
of the theoretical construct which should be measured by 
these variables (Hair et al. 2009). Convergence was calcu-
lated using indicators associated with the quality of a stand-
ardized structural model, being represented by the extracted 
variance (EV) and the construct reliability (CR). The EV 

Fig. 3   Model C: Theoretical structural model of the influence of soil 
P on root morphology, biotic and physiological absorption, and P 
available. Latent variables are represented in circles or ellipses. The 

values related to the standardized estimated parameters (p < 0.001), 
with factor loads ϒ and β between exogenous and endogenous; ζ are 
the error variations of the endogenous latent variables

Fig. 4   Model D: Alternative theoretical structural model of the influ-
ence of soil P on available P, and this on root morphology, biotic, and 
physiological absorption. Latent variables are represented in circles 
or ellipses. The values related to the standardized estimated param-

eters (p < 0.001), with factor loads ϒ and β between exogenous and 
endogenous; ζ are the error variations of the endogenous latent vari-
ables
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calculation (1) will indicate the convergent validity and how 
much the constructs can explain the variance of the indica-
tors, represented by:

Another indicator of convergent validity that is also used 
is the CR, and can be calculated using Eq. (2).

In both calculations, there is a representation of λ = stand-
ardized factor loading, i = item number, and ε = random error 
of each indicator of the construct. Adequate convergence is 
achieved with EV values ≥ 0.5; CR values ≥ 0.7 are consid-
ered good, and values between 0.6 and 0.7 are acceptable 
(Hair et al. 2009).

The AMOS version 22 software program (IBM-SPSS 
Inc., Chicago, IL, USA) was used for the SEM analysis. 
The model parameters were estimated using the general-
ized least squares (GLS) method. Some goodness-of-fit 
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indices were used to validate each estimated model, such 
as the chi-squared test (X2), the degrees of freedom (df), 
and the probability level (p), which according to Sales et al. 
(2017) indicates a good fit when accepting the null hypoth-
esis (p > 0.05). As an alternative to these indices, and given 
the high sensitivity of the X2 test to the sample size, we also 
used for the adequacy of the models the X2/df ratio standard-
izing values < 3 (Iacobucci 2009), the goodness-of-fit index 
(GFI) with values ≥ 0.95 (Hair et al. 2009), and the root-
mean-square error of approximation (RMSEA) considering 
values ≤ 0.10 (Byrne 2009). The data set was composed of 
n = 32 without the need for transformation, and the multi-
variate normality were obtained through the critical relation 
(cr) data, which had default values < 5 (Byrne 2009).

3 � Results

The four hypothetical structural models (Figs. 1, 2, 3 and 
4) showed satisfactory fit indices (Figs. 5, 6, 7, 8, 9 and 10; 
Table 1), confirming the relational hypotheses. In a general 
analysis of the EV and CR values (Table 1) of all models, it 
is verified that most of the constructs (latent) only presented 

Fig. 5   Model A: Structural model for the relationships between soil P 
(mg kg−1), root morphology (SRL = specific root length (cm mg−1); 
RTD = root tissue density (mg cm−3); MRD = mean root diameter 
(mm)), biotic absorption (AM = arbuscular mycorrhizae (%)), and 
physiological absorption (APase = root acid phosphomonoesterase 
(nmol mg−1 h−1)). All measured variables (in boxes) are represented 

as indicators of effects associated with latent variables (in circles or 
ellipses). The values correspond to the standardized estimated param-
eters (***p < 0.001; **p < 0.01; *p < 0.05; ns — not significant) and 
the value of R2 (numbers in bold). Values of error variables (δ1–δ6, 
ε1–ε6, ζ1–ζ7) are standardized; some errors were fixed at 0, 1, or 10%. 
Model X.2 = 37.52; df = 46; p = 0.809; parameter = 18; n = 32
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fit in the EV values. These results define which constructs 
have internal consistency between the measured variables, 
and thus adequate representation (Hair et al. 2009).

The first hypothetical model (Fig. 1 — Model A) was 
identified and fitted (Fig.  5), confirming the interrela-
tionships between the pools of P (Pi, Po, and occluded P 
as latent indicator variables) and P absorption strategies 
(biotic absorption, physiological absorption, and root mor-
phology as latent indicator variables). The results were con-
sistent with the inference that the P absorption strategies 
pool (endogenous latent variable) was directly dependent 
on the P pool (exogenous latent variable). The relationship 
between the latent variable Pi and the measurable variable 
NaHCO3-Pi was fixed at 1 to find a unique solution for the 
model, the δ1 and δ5 errors were respectively associated to 
the measurable variables NaHCO3-Po and NaHCO3-Pi, the 
ε4 error was associated to the measurable variable SRL, and 
the ζ1, ζ2, ζ3, ζ4, and ζ7 errors were respectively associated 
to the latent variables Po, occluded P, and Pi, P absorption 
strategies and root morphology, and were set at 1%; the ε1 

and ε2 errors were respectively associated to the measurable 
variables AM and APase and fixed at 0%. The root morphol-
ogy and physiological absorption pools were directly and 
positively dependent on the P absorption strategies pool, 
while the biotic absorption pool was directly and negatively 
dependent on the P absorption strategies pool. All three 
pools (root morphology, biotic absorption, and physiologi-
cal absorption) were indirectly and positively dependent (via 
P absorption strategies) on the P pool, causing an overall 
effect β =  − 0.54 for the latent variable biotic absorption, 
β = 0.87 for the latent variable physiological absorption, and 
β = 0.91 for the latent variable root morphology. The model 
explained 14%, 36%, and 40% of the respective variances 
(R2) of the biotic absorption, physiological absorption, and 
root morphology pools (Fig. 5).

There was no identification of the second hypothetical 
model (Fig. 2 — Model B). For this reason, a re-specification 
was performed to obtain a satisfactory fit (Fig. 6; Table 1) 
by eliminating the P absorption strategies pool. Thus, the 
respecified model showed direct interrelationships between 

Fig. 6   Model B: Structural model respecified for the relation-
ships between soil P (mg kg−1), root morphology (SRL = spe-
cific root length (cm mg−1); RTD = root tissue density (mg cm−3); 
MRD = mean root diameter (mm)), biotic absorption (AM = arbuscu-
lar mycorrhizae (%)), and physiological absorption (APase = root acid 
phosphomonoesterase (nmol mg−1  h−1)). All measured variables (in 
boxes) are represented as indicators of effects associated with latent 

variables (in circles or ellipses). The values correspond to the stand-
ardized estimated parameters (***p < 0.001; **p < 0.01; *p < 0.05; 
ns — not significant) and the value of R2 (numbers in bold). Values 
of error variables (δ1–δ6, ε1–ε6, ζ1–ζ7) are standardized; some errors 
were fixed at 0, 1, or 10%. Model X.2 = 33; df = 43; p = 0.864; param-
eter = 17; n = 32
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pools of P and root morphology. The results presented were 
consistent with the inference that the biotic absorption and 
physiological absorption pools were directly dependent 
on the root morphology pool, and indirectly dependent on 
the soil P pool. Indirect and negative soil P pool (via root 
morphology) caused an overall effect of β =  − 0.16 for the 
latent biotic absorption variable, and β = 0.35 for the latent 
physiological absorption variable. The model explained 
4% and 16% of the respective variances (R2) of the biotic 
absorption and physiological absorption pools (Fig. 6). In 
order to find a unique solution for the model, the relation-
ship between the latent variable Po and the measurable vari-
able NaHCO3-Po, and the latent variable occluded P and the 
measurable variable HCl-P were fixed at 1; the δ1 and δ3 
and δ6 errors were respectively associated to the measurable 
variables NaHCO3-Po, Residual P, and NaOH-Pi; the ε2, ε4, 
and ε5 errors were respectively associated to the measurable 
variables SRL, APase, and AM; and the ζ1, ζ2, ζ3, and ζ4 
errors were respectively associated to the latent variables Po, 
occluded P, Pi, and root morphology, and were fixed at 1%.

The third hypothetical model (Fig.  3 — Model C) 
was identified and satisfactorily fit (Table 1; Fig. 7). The 
model demonstrated the inference that the available P pool 

(endogenous latent variable) was directly dependent on the 
biotic and physiological absorption pools, indirectly depend-
ent on the root morphology pool (both endogenous latent 
variables), and therefore indirectly dependent on the soil 
pool P (exogenous latent variable), causing an overall effect 
β =  − 0.70. The model explained only 21% of the variance 
(R2) of the available P pool (Fig. 7). A single solution for 
the model was found by fixing the δ1, δ3, and δ5 errors at 
1% and respectively associated to the measurable variables 
NaHCO3-Po, Residual P, and NaOH-Pi; the ε2, ε4, and ε5 
errors were respectively associated to the measurable vari-
ables SRL, Apase, and AM; and the ζ1, ζ2, ζ3, and ζ4 errors 
were respectively associated to the latent variables Po, 
occluded P, Pi, and root morphology; and the ε6 error was 
respectively associated to the measurable variable Resin-P 
and all were fixed at 0%.

A re-specification was performed to improve the fit of 
model C by adding a direct relationship between the availa-
ble Po and P pools (Fig. 8 — Model C1). The model showed 
that the available P pool was directly and positively depend-
ent on the Po pool. The relationships between the available P 
pool and the other pools in the model were similar to model 
C (Fig. 7). The soil P pool as an exogenous latent variable 

Fig. 7   Model C: Structural model for the relationships between soil P 
(mg kg−1), root morphology (SRL = specific root length (cm mg−1); 
RTD = root tissue density (mg cm−3); MRD = mean root diameter 
(mm)), biotic absorption (AM = arbuscular mycorrhizae (%)), and 
physiological absorption (APase = root acid phosphomonoesterase 
(nmol mg−1 h−1)). All measured variables (in boxes) are represented 

as indicators of effects associated with latent variables (in circles or 
ellipses). The values correspond to the standardized estimated param-
eters (***p < 0.001; **p < 0.01; *p < 0.05; ns — not significant) and 
the value of R2 (numbers in bold). Values of error variables (δ1–δ6, 
ε1–ε6, ζ1–ζ7) are standardized; some errors were fixed at 0, 1, or 10%. 
Model X.2 = 38.47; df = 44; p = 0.707; parameter = 19; n = 32
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caused an overall effect β = 0.80 on the available P pool. The 
model explained 98% of the variance (R2) of the available 
P pool (Fig. 8). In order to find a unique solution for the 
model, the relationship between the latent variable occluded 
P and the measurable variable HCl-P was fixed at 1; the δ5 
error associated with the measurable variable NaHCO3-Po 
was set at 10%; the δ4 error was associated with the meas-
urable variable NaOH-Pi; the ε1, ε2, ε4, and ε5 errors were 
respectively associated to the measurable variables SRL, 
RTD, Apase, and AM, and the ζ1, ζ2, ζ3, ζ4, and ζ7 errors 
were respectively associated to the latent variables occluded 
P, Pi, Po, root morphology, and available P, and fixed at 1%; 
lastly, the ε6 error associated to the measurable variable 
Resin-P was fixed at 0%.

A second re-specification of model C (Fig. 7) was per-
formed with the addition of a direct relationship between 
the Po pools and physiological absorption, and the meas-
urable variable HCl-P associated with the latent variable 
occluded P was eliminated; the inversion of the relation-
ships of the available P pool with the biotic absorption 
and physiological absorption pools then became the 
model’s response variables (Fig. 9 — Model C2). With 
these modifications, the model presented the inference that 

the biotic absorption pool (endogenous latent variable) 
was directly dependent on the root morphology and avail-
able P (endogenous latent variables) pools, and indirectly 
dependent on the Po (endogenous latent variable) and P 
pools (exogenous latent variable). While the physiological 
absorption pool (endogenous latent variable) was directly 
dependent on the root morphology, available P and Po 
pools, and indirectly dependent on the soil P pool. These 
structural relationships caused an overall effect β =  − 0.38 
and β =  − 0.28, respectively, on the biotic absorption and 
physiological absorption pools. The model explained 27% 
of the variance (R2) of the biotic absorption pool and 48% 
of the physiological absorption pool. To find a unique 
solution for the model, the relationship between the latent 
variable Pi and its measurable variable NaHCO3-Pi was 
fixed at 1; the δ1 and δ3 errors were respectively associated 
with the measurable variables Residual P and NaOH-Pi; 
the ε1, ε2, ε4, and ε5 errors were respectively associated to 
the measurable variables SRL, RTD, APase, and AM; and 
the ζ1, ζ2, ζ3, and ζ4 errors were respectively associated to 
the latent variables occluded P, Pi, Po, and root morphol-
ogy, and were fixed at 1%; the ε6 error associated to the 
measurable variable Resin-P was fixed at 0%.

Fig. 8   Model C1: Structural model respecified for the relation-
ships between soil P (mg kg−1), root morphology (SRL = spe-
cific root length (cm mg−1); RTD = root tissue density (mg cm−3); 
MRD = mean root diameter (mm)), biotic absorption (AM = arbuscu-
lar mycorrhizae (%)), and physiological absorption (APase = root acid 
phosphomonoesterase (nmol mg−1  h−1)). All measured variables (in 
boxes) are represented as indicators of effects associated with latent 

variables (in circles or ellipses). The values correspond to the stand-
ardized estimated parameters (***p < 0.001; **p < 0.01; *p < 0.05; 
ns — not significant) and the value of R2 (numbers in bold). Values 
of error variables (δ1–δ6, ε1–ε6, ζ1–ζ7) are standardized; some errors 
were fixed at 0, 1, or 10%. Model X.2 = 49.22; df = 54; p = 0.659; 
parameter = 21; n = 32
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The fourth hypothetical model (Fig. 4 — Model D) was 
identified and satisfactorily fit (Table 1; Fig. 10). The model 
demonstrated the inference that the biotic and physiological 
absorption pools were directly dependent on the root morphol-
ogy pool (endogenous latent variable), indirectly dependent 
on the available P pool (endogenous latent variable), and indi-
rectly dependent on exogenous latent variables, the Po, Pi, and 
occluded P pools, causing an overall effect β =  − 0.70. The 
model explained only 3% and 16%, respectively, of the vari-
ances (R2) of the biotic absorption and physiological absorp-
tion pools, but there was a high explanation (R2 = 94%) of the 
available P pool (Fig. 10). A single solution for the model was 
found by the δ1, δ3, and δ4 errors being respectively associated 
with the measurable variables NaHCO3-Po, residual P, and 
NaOH-Pi; the ε3, ε5, and ε6 errors, respectively, associated to 
the measurable variables SRL, APase, and AM; and the ζ2 
error associated to the latent variable root morphology and 
fixed at 1%. The ε1 error associated with the measurable vari-
able Resin-P was fixed at 0%.

Two submodels were developed with satisfactory fit indices 
(Table S1; Figures S1 and S2). Submodel 1 (Figure S1) shows only 
the P cycle, in which the available P pool was directly and positively 
dependent on the Po, Pi, and occluded P pools. The δ2, δ3, and δ5 

errors associated respectively with the measurable variables NaOH-
Po, Residual P, and NaOH-Pi were set at 1%, and the ε1 error associ-
ated with the measurable variable resin-P was set at 0% in order to 
find a single solution for the model. The submodel explained 44% 
of the variance in the available P pool, and an overall effect β = 0.92. 
Submodel 2 (Figure S2) confirms the conceptual latent variable P 
absorption strategies and the interdependence of its indicator latent 
variables (physiological absorption, root morphology, and biotic 
absorption pools). To find a single solution for the submodel, the 
ε2, ε4, and ε5 errors, respectively, associated with the measurable 
variables SRL, AM, and APase were set at 1%, and the ζ3 error was 
associated with the latent variable root morphology. The submodel 
explained 8%, 65%, and 36%, respectively, of the variances of the 
biotic absorption, physiological absorption, and root morphology 
pools, with an overall effect β = 1.13.

4 � Discussion

4.1 � Fitted Structural Models

The general fit of all structural models (Figs. 5–10; Table 1) 
confirms the theoretical concept of interdependence between 

Fig. 9   Model C2: Structural model respecified for the relation-
ships between soil P (mg kg−1), root morphology (SRL = spe-
cific root length (cm mg−1); RTD = root tissue density (mg cm−3); 
MRD = mean root diameter (mm)), biotic absorption (AM = arbuscu-
lar mycorrhizae (%)), and physiological absorption (APase = root acid 
phosphomonoesterase (nmol mg−1  h−1). All measured variables (in 
boxes) are represented as indicators of effects associated with latent 

variables (in circles or ellipses). The values correspond to the stand-
ardized estimated parameters (***p < 0.001; **p < 0.01; *p < 0.05; 
ns — not significant) and the value of R2 (numbers in bold). Values 
of error variables (δ1–δ6, ε1–ε6, ζ1–ζ7) are standardized; some errors 
were fixed at 0, 1, or 10%. Model X.2 = 38.98; df = 43; p = 0.646; 
parameter = 21; n = 32
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Fig. 10   Model D: Structural model for the relationships between 
soil P cycle and plant P-absorption strategies. Acronyms: Root mor-
phology (SRL = specific root length; RTD = root tissue density; 
MRD = mean root diameter), biotic absorption (AM = arbuscular 
mycorrhizae), and physiological absorption (APase = root acid phos-
phomonoesterase). All measured variables (in rectangles) are repre-
sented as indicators of effects associated with latent variables (in cir-

cles or ellipses). The values correspond to the standardized estimated 
parameters (***p < 0.001; **p < 0.01; *p < 0.05; ns —not significant) 
and the value of R2 (numbers in bold). The values of the error vari-
ables (δ1–δ5, ε1–ε6, ζ1–ζ4) are standardized; some errors were fixed 
at 0, 1, or 10%. Model X.2 = 47.62; df = 43; p = 0.290; parameter = 20; 
n = 32

Table 1   Fit indices, multivariate 
normality, and construct 
reliability of the structural 
models (A–D) of plant 
strategies for P absorption in 
Amazon Forest soils

* Pattern: X2 = smaller possible; df ≥ 0; p > 0.05; X2/df ≤ 3; GFI ≥ 0.95; RMSEA ≤ 0.10; cr < 5; VE ≥ 0.5; 
CR ≥ 0.7

Model Fit indices* Multivariate normality*
X2 df p X2/df GFI RMSEA cr

A (Fig. 5) 37.52 46 0.809 0.81 0.78  < 0.001 0.58
B (Fig. 6) 33.00 43 0.864 0.76 0.80  < 0.001 0.58
C (Fig. 7) 38,47 44 0.707 0.87 0.77  < 0.001 0.90
C1 (Fig. 8) 49.22 54 0.659 0.91 0.73  < 0.001 0.96
C2 (Fig. 9) 38.98 43 0.646 0.90 0.77  < 0.001 0.90
D (Fig. 10) 47.62 43 0.290 1.10 0.72 0.059 0.60

Construct reliability* (%)
Organic-P Inorganic-P Occluded-P Root morphology
VE CR VE CR VE CR VE CR

A (Fig. 5) 50 54 60 72 58 69 56 01
B (Fig. 6) 50 49 58 71 10 04 57 02
C (Fig. 7) 50 44 53 63 - - 60 04
C1 (Fig. 8) 50 61 55 66 45 37 82 49
C2 (Fig. 9) 17 28 55 66 - - 86 59
D (Fig. 10) 47 50 60 72 - - 57 01
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P pools (Pi, Po, and occluded P) and pools with different P 
absorption strategies used by Amazon rainforest in P-impov-
erished soils. Simplifying the demonstrations of the vari-
ous variables which act in regulating the P cycle in the soil 
was made possible by using latent variables in the models, 
in turn facilitating estimating and reducing measurement 
errors. Low values found for construct reliability (CR) and 
extracted variance (EV) for some latent variables can be 
attributed to other variables external to the model (Table 1). 
Thus, when it is not possible to reach the CR and EV index, 
it is assumed that a single underlying cause is not consist-
ent between the correlations or covariances of the indicator 
variables (Oliveira et al. 2018). A single model does not 
have the capacity to estimate the complex interdependence 
of transformations that can occur with soil P and all the 
strategies that plants can develop to absorb the element, but 
the theoretical concept (multivariate hypothesis) can be con-
firmed by choosing the model that best represents the theory 
through approximate fits or some changes in the component 
variables (Sales et al. 2017).

4.2 � Holistic View of the Relationships Between 
the P Cycle in Soil and Plant Uptake Strategies

The use of SEM enabled a holistic view of all the rela-
tionships involving the soil P cycle together with the 
strategies that plants have to improve efficiency in nutri-
ent absorption. All fitted structural models showed the 
simultaneous integration of the variables involved in the P 
absorption strategies in the soil represented by root mor-
phology, mycorrhizal symbiosis, and enzymatic exuda-
tion. These models corroborate the suggestion by Wen 
et al. (2019) that the best way to understand the strate-
gies for obtaining P in the soil is precisely through this 
holistic view of the functional characteristics of the root 
system. Furthermore, our models brought to light theo-
retical propositions, such as the possibility of a direct 
and simultaneous relationship between investments in 
root morphology and the P absorption strategies. In turn, 
Lugli et al. (2020) did not integrate the P cycle with the P 
acquisition strategies, leading them to the conclusion that 
root morphology has a strong relationship with acid phos-
phatase in the analyzed soils, but does not interfere with 
mycorrhizal symbiosis. Furthermore, both the hydrolysis 
of Po and the acquisition of Pi by mycorrhizal fungi were 
attributed as complementary mechanisms. However, our 
models demonstrated that root morphology has a signifi-
cant and simultaneous influence on mycorrhizal fungi and 
acid phosphomonoesterase activity and that Po is the main 
source of P for maintaining the forest ecosystem, since the 
organic fraction represented 48.4% of the total P extracted 
by Hedley fractionation.

Model C1 (Fig. 8) showed that the direct relationship 
between the available Po and P pools significantly increased 
the variance (R2) of the available P pool (model response 
variable), confirming that this relationship arising from 
the Po turnover is critical to regulating the availability of 
P in the soil. In model C2 (Fig. 9), the direct and negative 
relationship of the available P pool to the biotic absorption 
and physiological absorption pools (model response vari-
ables) showed that the low availability of P in the soil would 
stimulate both an increase in APase activity, as well as for 
the mycorrhizal association; therefore, the activities of these 
enzymes and fungi are inherent in low-P soils. In addition, 
the direct and positive relationship of the Po pool to the phys-
iological absorption pool shows that not only the P-availa-
bility, but also the size of the organic substrate would affect 
APase activity. Moreover, the size of the Po pool would 
indirectly affect the biotic absorption pool (Figs. 8 and 9 
— Models C1 and C2). Arbuscular mycorrhizal fungi also 
synthesize phosphatase enzymes and thus can use Po as a 
source of P (Liu et al. 2018; Richardson et al. 2009; Turner 
2008; Yazdani et al. 2009). Therefore, mycorrhizal fungi can 
play a dual role in P uptake strategies, such as accelerating 
Pi uptake, expanding plant exploitation limits, and solubiliz-
ing Po (Smith et al. 2011; Zhang et al. 2018), characterizing 
a complementary function in conjunction with the physi-
ological absorption strategy (APase). Alternative model D 
(Fig. 10) showed the plausibility of the direct structural rela-
tionship of the available P pool over the root morphology 
pool, and therefore to the other P absorption strategies in 
the Amazon forest site, although the model did not present 
a better fit compared to other models.

Except for model A (Fig. 5), both biotic and physiologi-
cal absorption pools are simultaneously affected by the root 
morphology pool in all other models (Figs. 6, 7, 8 and 9); 
therefore, they are interconnected through an inverse rela-
tionship between the measurable variables APase and AM. 
The models showed that all P absorption strategies simulta-
neously manifest themselves at the ecosystem level, but the 
predominance of a given strategy will depend on the meta-
bolic cost/benefit balance as a function of P transformations 
in the soil of the forest site. Thus, if the plant preferentially 
invests (positive relationship) in physiological absorption, 
the intensity of biotic absorption would consequently tend 
to decrease (negative relationship), depending on the costs 
and benefits of each process (Han et al. 2021; Nasto et al. 
2017; Wen et al. 2022). The costs (i.e. energy) of using each 
of the strategies, despite contributing to increased P uptake 
in the soil, can restrict the ability of plants to manifest all 
of them at the same time (Han et al. 2021; Lynch and Ho 
2005; Raven et al. 2018; Ryan et al. 2012). However, tree 
species at the tropical ecosystem-level from a particular for-
est site may show greater variability in enzymatic activity 
(Guilbeault-Mayers et al., 2020) or mycorrhizal association 
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(Nasto et al., 2017) compared to other sites in the same eco-
system, which does not reduce interspecific competition, 
but can benefit the acquisition of P forms (Po or Pi) accord-
ing to nutrient availability and the contribution of different 
absorption strategies (Nasto et al. 2017; Turner 2008; Wen 
et al. 2022). Root phosphatase exudation is relatively more 
important in soils with low Pi availability and high substrate 
availability, while AM fungi associations are relatively more 
important in soils with intermediate soil Pi availability in 
Amazonia forest (Reichert et al. 2022). On the other hand, 
root productivity and traits related to nutrient acquisition 
strategies are not only affected by the Pi availability, but 
can also be affected by the soil nutrient status. Lugli et al. 
(2021) reported that additions of P and cations (K, Ca, Mg) 
increased root productivity, root diameter, and mycorrhizal 
colonization, but decreased root phosphatase activity; in 
turn, no response was detected with N addition in Central 
Amazonia after 1 year of fertilization.

Thus, further research is needed to refine the fitted struc-
tural models, considering the influence of a soil P gradi-
ent, and add new variables, such as root organic acid exu-
dation, which is important for accessing the occluded and 
organic P pools (Sales et al. 2017; Rinaldi et al. 2021); the 
fine root turnover rate, important in high-Pi soils (Freschet 
et al. 2021); and plant P use, important for plants in low-P 
soils (Reichert et al. 2022). These environments have many 
unique characteristics and understanding how the various 
variables related to P-availability in the soil act is extremely 
important so that new hypotheses are proposed and help in 
understanding the efficiency of phosphorus absorption and 
the sustainability of the Amazon forest ecosystem.

5 � Conclusion

Structural equation modeling with latent variables was able 
to simplify the relationship between the P cycle and plant 
strategies for P acquisition, and thus provide a holistic view 
of these mechanisms in P-impoverished environments. The 
fitted models made it possible to retrieve information which 
until then had not been considered, such as the P absorption 
strategy pool, which is an entirely conceptual latent vari-
able, and the confirmation of a direct relationship between 
investments in root morphology and P-absorption strategies, 
demonstrating that root morphology (SRL, MRD, and RTD) 
has a strong influence on arbuscular mycorrhizal fungi (AM) 
and acid phosphomonoesterase (APase), and that Po was the 
main source of P for the maintenance of the Amazon forest 
ecosystem.
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