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Abstract 

Background: The Diagnosis and Recommendation Integrated System (DRIS) gave 

valuable indices of the nutritional status of Eucalyptus amended with sewage sludge (SS). 
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Aims: Our objective was to establish a DRIS norms and analytical method for Eucalyptus 

under SS application, by verifying in particular, the influence of potentially toxic 

elements (PTEs) on the nutritional and plant development. 

Method: Data on mean annual increment, nutrient, and PTE concentration were obtained 

in an experiment at 22, 44, 54, and 76 months after planting Eucalyptus amended with 

SS. 

Results: Our results indicated that DRIS can give valuable data on the nutritional balance 

indices, in which it was possible to verify that Ba was the most limiting element due to 

its excess present both in the low and high yielding subpopulations, ranging from 10 to 

40% of the populations with excess of Ba. The nutritional diagnosis in agreement with 

the DRIS model ranged from 60 to 98% among the populations. When modeling the DRIS 

functions with inclusion of PTEs, a consistent evaluation of the Eucalyptus nutritional 

status was observed, which generated more reliable indices that were able to rank the 

limiting elements for the Eucalyptus productivity. 

Conclusion: The new approach proved to be an effective tool for interpreting DRIS 

indices, by presenting reliable data when PTEs are included. Thus, the inclusion of PTEs 

in DRIS functions can provide valuable information, by determining which element can 

cause more damage to the plants. The need for specific norms for each region, plant age 

and sludge management are highlighted.  

 

Keywords: biosolid, circular economy, forest nutrition, organic fertilizer, urban waste. 
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Abstract 5 

Background: The Diagnosis and Recommendation Integrated System (DRIS) gave 6 

valuable indices of the nutritional status of Eucalyptus amended with sewage sludge (SS). 7 

Aims: Our objective was to establish a DRIS norms and analytical method for Eucalyptus 8 

under SS application, by verifying in particular, the influence of potentially toxic 9 

elements (PTEs) on the nutritional and plant development. 10 

Method: Data on mean annual increment, nutrient, and PTE concentration were obtained 11 

in an experiment at 22, 44, 54, and 76 months after planting Eucalyptus fertilized with 12 

SS. 13 

Results: Our results indicated that DRIS can give valuable data on the nutritional balance 14 

indices, in which it was possible to verify that Ba was the most limiting element due to 15 

its excess present both in the low and high yielding subpopulations, ranging from 10 to 16 

40% of the populations with excess of Ba. The nutritional diagnosis in agreement with 17 

the DRIS model ranged from 60 to 98% among the populations. When modeling the DRIS 18 

functions with inclusion of PTEs, a consistent evaluation of the Eucalyptus nutritional 19 

status was observed, which generated more reliable indices that were able to rank the 20 

limiting elements for the Eucalyptus productivity. 21 

Conclusion: The new approach proved to be an effective tool for interpreting DRIS 22 

indices, by presenting reliable data when PTEs are included. Thus, the inclusion of PTEs 23 

in DRIS functions can provide valuable information, by determining which element can 24 

cause more damage to the plants. The need for specific norms for each region, plant age 25 

and sludge management are highlighted. 26 

 27 

Keywords: biosolid, circular economy, forest nutrition, organic fertilizer, urban waste. 28 

 29 

Abbreviations 30 

Bal.  Balanced 31 

CBH  Circumference at breast height 32 

DRIS  Diagnosis and recommendation integrated system 33 

Ex.  Excess 34 
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H  Height 35 

HRMa  Highly responsive macronutrients 36 

HRMi  Highly responsive micronutrients 37 

IA  Nutritional index 38 

ICP-MS Inductively coupled plasma mass spectrometry 39 

In.  Insufficient 40 

MAI  Mean annual increment 41 

MF  Mineral fertilization 42 

NBIm  Mean nutritional balance index 43 

NBP  Nutritional balance point 44 

PTE  Potentially toxic elements 45 

RRMa  Rarely responsive macronutrients 46 

RRMi  Rarely responsive micronutrients 47 

SS  Sewage sludge 48 

 49 

Introduction 50 

Sewage sludge (SS) disposal in cultivated areas has several advantages. This by-51 

product is rich in organic matter and plant nutrients (Nascimento et al., 2020), which 52 

results in improvements in soil fertility (Prates et al., 2022; Silva et al., 2022), thus 53 

increasing the crop productivity (Athamenth et al., 2015; Bourioug et al., 2014; Marron, 54 

2015; Nogueira et al., 2013; Prates et al., 2022; Xue et al., 2015) and promoting a circular 55 

economy approach (Aleisa et al., 2021). However, its use in agriculture and forestry may 56 

be limited due to the presence of potentially toxic elements (PTE). 57 

The use of SS in commercial Eucalyptus plantations is increasing worldwide 58 

(Abreu-Junior et al., 2017, 2020; Cardoso et al., 2022), because wood products are not 59 

intended for human or animal consumption. However, the use of SS as 60 

amendment/fertilizer in these areas could be unbalanced in relation to i) its nutrient 61 

concentration; ii) soil nutrient concentration, and iii) the crop needs. Thus, the SS 62 

application could be harmful, either in terms of excess or shortage of nutrients, both 63 

limiting factors to productivity. Thus, imbalances between nutrient content can influence 64 

plant uptake and translocation (Marschner, 2012). 65 

In a commercial plantation where SS is applied, we must consider even the 66 

possible physiological imbalances in plant function, caused by PTE. Thus, we need a 67 

nutritional assessment method that considers the possible interference among these 68 
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elements. The diagnosis and recommendation integrated system (DRIS) method with the 69 

inclusion of PTE in its functions and calculations can help in the interpretation of 70 

Eucalyptus nutritional status. 71 

Originally developed by Beaufils (1973), this method allows for the calculation 72 

of indices for each nutrient, using its binary relations with the others (bivariate method) 73 

and comparing them with a reference population, aiming to classify the nutrients, 74 

regarding the order of limitation to plant growth (Ribeiro et al., 2020). It starts from the 75 

premise that the dual relationships between nutrients are more constant compared to their 76 

concentration in the plant. 77 

In Brazil, the use of DRIS is widespread and used in several crops, such as 'Pêra' 78 

Orange tree (Dias et al., 2017), Eucalyptus cuttings (Morais et al., 2019), sugarcane 79 

(Calheiros et al., 2018; Silva et al., 2020) soybean and cotton (Kurihara et al., 2015) oil 80 

palm (Matos et al., 2018), acai palm (Ribeiro et al., 2020), 'Thompson' atemoya (Santos; 81 

Rozane, 2017), mango (Pinto et al., 2010), coffee (Wadt, 2005) and Eucalyptus ssp. (Silva 82 

et al., 2005; Wadt, 2004). These studies show the relevance of using this tool in the 83 

assessment of the nutritional status of plants with the attainment of norms, establishment 84 

of sufficiency ranges and order of productivity-limiting nutrients. However, the use of 85 

DRIS in areas with SS application has not been investigated. Given the potentially high 86 

amounts of PTE in SS, their inclusion in such work is critical. 87 

Therefore, in the assessment of the nutritional status of agricultural and/or 88 

forestry crops treated with SS, there is still no tool to reliably assess the influence of PTE 89 

on the nutritional status of crops. Thus, the hypothesis of this work is that the inclusion 90 

of these elements in the evaluation of the nutritional status of Eucalyptus commercial 91 

plantation, using the DRIS method, can help to verify the interference among these 92 

elements in the plant nutritional aspects. The objectives of this study are to: i) establish 93 

DRIS norms for Eucalyptus grown under SS application; ii) evaluate the nutritional status 94 

of Eucalyptus by the DRIS method, and from its indices, and iii) verify the potential 95 

influence of these elements on nutrition and plant development with and without r PTE 96 

inclusion. 97 

 98 

Material and methods 99 

Experimental area 100 

The experiment was installed in February 2015, in a Eucalyptus commercial 101 

plantation of 2.7 ha (Municipality of Boa Esperança do Sul, SP; 21º59'33" S - 48º23'27" 102 
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W; 516 m asl). The experimental area was commercially cultivated with Eucalyptus 103 

during the last 40 years, without SS application before the installation of the present 104 

experiment. 105 

The climate of the region is classified as Cwa – humid subtropical zone with hot 106 

summers and dry winters, according to Köppen, with an average annual rainfall of 1074 107 

mm and an average cold temperature of 17.5 °C and a warm temperature of 30.1 °C (Fig. 108 

1). A detailed pedological survey was carried out before the experiment and the soil was 109 

classified as Typic Hapludox (Soil Survey Staff, 2014). Chemical analysis was performed 110 

according to the method described in Raij et al. (2001) and granulometric analysis by the 111 

pipette method (Camargo et al. 1986) (Table S1). 112 

 113 

Fig 1. Maximum and minimum temperature (°C) and rainfall (mm) in the municipality 114 

of Boa Esperança do Sul, State of São Paulo. Blue and dashed vertical lines represent 115 

sampling and inventory times at 22, 44, 54, and 76 months after planting 116 

 117 

Sewage sludge characterization 118 

The SS used was generated at the wastewater treatment plant in Jundiaí, SP, 119 

where the sewage passes through a system of fully mixed aerated ponds and settling 120 

ponds, being dewatered with flocculation based on cationic polymer, followed by 121 

centrifugation. The SS chemical composition (Table S2) was obtained according to the 122 

methodology proposed by United States Environmental Protection Agency (USEPA, 123 

2007). 124 

 125 
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Field experiment 126 

Soil preparation took place in January 2015, with subsoiling at a depth of 0.4 m 127 

between the rows of the previous planting, where the Eucalyptus seedlings were planted. 128 

Before planting, 1.8 t ha-1 of limestone were applied to provide Ca and Mg to the soil. 129 

The genetic material used in the experiment was a hybrid from a cross between 130 

Eucalyptus grandis and Eucalyptus urophylla (Eucalyptus urograndis). The seedlings 131 

were produced via vegetative propagation for cloning. The planting was carried out 132 

manually in February 2015, with a spacing of 3 x 2.25 m, totaling 1,481 trees per hectare. 133 

The experiment was installed in a randomized complete block design with 10 134 

treatments and four replications, totaling 40 experimental units. Each plot consisted of 135 

100 plants (10 x 10 plants), with the 36 central plants corresponding to the useful area 136 

and the remaining 64 plants to the border area. The treatments consisted of a control 137 

(without SS or mineral fertilizers); two treatments with application of mineral fertilizers 138 

at different doses; and seven treatments with sewage sludge application. The amounts of 139 

nutrients applied per treatment are shown in Table 1. 140 

 141 

Table 1. Amount of nutrients applied per treatment by mineral fertilizers and sewage 142 

sludge (SS) 143 

Treatment N P K B Zn Cu 

 ________________________________ kg ha-1 ________________________________ 

Control (C) 0 0 0 0 0 0 

Mineral fertilization level 1 (MF1) 192 26 137 6.5 2.8 2.8 

Mineral fertilization level 2 (MF2) 60 17.5 84 4.2 1.8 1.8 

SS (50%)2/ + P (83%) - B + K (S1P1) 
96 1/ 
(319) 

22 

(435) 
137 

(290) 
0 

(0.015) 
0 

(9.7) 
0 

(4.5) 

SS (50%)2/ + P (83%) + B + K (S1P1B) 
96 1/ 
(319) 

22 

(435) 
137 

(290) 
6.5 

(0.015) 
0 

(9.7) 
0 

(4.5) 

SS (100%)2/ + P (66%) - B + K (S2P2) 
192 1/ 
(638) 

17.5 

(870) 
137 

(855) 
0 

(0.030) 
0 

(19.3) 
0 

(9.0) 

SS (100%)2/ + P (66%) + B + K (S2P2B) 
192 1/ 
(638) 

17.5 

(870) 
137 

(855) 
6.5 

(0.030) 
0 

(19.3) 
0 

(9) 

SS (100%)2/ - P + B + K (S2B) 
192 1/ 
(638) 

0 

(870) 
137 

(855) 
6.5 

(0.030) 
0 

(19.3) 
0 

(9) 

SS (150%)2/ - P - B + K (S3) 
288 1/ 
(957) 

0 

(1,305) 
137 

(870) 
0 

(0.045) 
0 

(29) 
0 

(13.5) 

SS (150%)2/ - P + B + K (S3B) 
288 1/ 
(957) 

0 

(1,305) 
137 

(870) 
6.5 

(0.045) 
0 

(29) 
0 

(13.5) 
1/ Available N dose applied by sewage sludge, considering a N mineralization rate of 30% for aerobic sewage sludge 144 

(Brasil, 2006). Values in parentheses represent the nutrients applied by sewage sludge. Values in bold represent 145 

nutrients applied via mineral fertilizer. Adapted from Cardoso et al. (2022). 146 

 147 
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Mineral fertilizers were applied in the planting furrow and topdressing 148 

fertilization was applied in a half crown around the seedling, in doses shown in Table 1. 149 

The SS doses to be applied was calculated so that it had the equivalent of 50, 100, and 150 

150% of the recommendation of N (MF1), that is, 192 kg ha-1 of N, corresponding to 151 

14.5, 29.0, and 43.5 t ha-1 of SS, respectively, on a dry basis. The SS dose was based on 152 

the N criterion, as described in Resolution No. 375 (Brasil, 2006). The SS was distributed 153 

superficially on the soil in a strip of 0.60 m wide at 0.20 m away from the planting furrow, 154 

seven months after planting the seedlings (September 2015). All other silvicultural 155 

treatments (weed control) followed the standard adopted by the company in its 156 

commercial plantations. 157 

 158 

Productivity estimation and sampling of plant material 159 

In September 2017 (22 months after planting), September 2018 (44 months after 160 

planting), September 2019 (54 months after planting) and in July 2021 (76 months after 161 

planting) the circumference at breast height was measured (CBH – 1.3 m) and height (H) 162 

of all trees in the useful plots of the experiment. This was carried out to estimate the wood 163 

volume productivity, using the logarithmic model of Schumacher and Hall (1933), 164 

adjusted with a biomass inventory carried out at 22 months after planting, and subsequent 165 

calculation of the mean annual increment (MAI). 166 

Measured CBH was also used to select trees for thinning and leaf collection for 167 

nutritional diagnosis and PTEs. Trees were randomly selected within the range of ±5% 168 

of the median CBH, with one tree per plot, except at 76 months after planting, when two 169 

trees per plot were felled. To evaluate the nutritional status of Eucalyptus using the DRIS 170 

method, each experimental plot was considered as a population. After the trees were 171 

felled, leaf samples were collected from the four cardinal points in the upper third of the 172 

tree canopy, as recommended by Malavolta et al. (1997) and Raij et al. (1997). 173 

 174 

Chemical analysis of plant material 175 

In the laboratory, the collected leaves were washed, dried in an oven with forced 176 

air circulation at 65 °C for 72h, ground in a Willey-type knife mill, and packed in properly 177 

identified paper bags until analysis. The samples were digested according to the procedure 178 

described by Araújo et al. (2002). Briefly, 250 mg of plant material was weighed and 179 

digested in a solution with 7.5 mL of 3.11 M HNO3 and 2.5 mL of 30% (v/v) H2O2 in a 180 

closed microwave system. Leaf nutrient and PTE concentration (except nitrogen) were 181 



 
 

7 

 

determined by inductively coupled plasma mass spectrometry (ICP-MS), using an 182 

Agilent model 7500ce. Leaf N concentration was quantified by the Kjeldahl method 183 

(Malavolta et al., 1997). 184 

 185 

Data analysis 186 

First, the mean and standard deviation of the MAI data of the trunk volume (m3 187 

ha-1 per year) and the concentration of the elements determined in the populations were 188 

calculated, separating them by planting age (scenario A) and in general, that is, with all 189 

the data (scenario B). Then, for scenario A, the populations were divided into low and 190 

high productivity (reference population), defined as populations with productivity greater 191 

than the general average plus 50% of the standard deviation. In scenario B, the reference 192 

population was established by the populations classified as having high productivity at 193 

different ages together with those plots that presented MAI above the general average + 194 

50% of the standard deviation (Silva et al., 2005). The mean and standard deviation of 195 

the MAI and the concentration of the elements determined in the subpopulations (high 196 

and low productivity) were also calculated. 197 

For each relationship between the concentration of two nutrients in the leaves, 198 

with and without PTE, the mean and standard deviation of the relationships in the 199 

treatments were determined. Because the sewage sludge presents the nutrients in an 200 

unbalanced way in relation to the needs of the culture, it was decided to adopt the method 201 

proposed by Baldock and Schulte (1996), which provides for the division of nutrients into 202 

four groups: i) highly responsive macronutrients group (HRMa): N, P, and K; ii) rarely 203 

responsive macronutrients group (RRMa): Ca, Mg, and S; iii) highly responsive 204 

micronutrients group (HRMi): B, Cu, and Zn; and iv) rarely responsive micronutrients 205 

group (RRMi): Fe, Mn, and Mo. Due to the evaluation of potentially toxic elements, 206 

another group called PTE will be added, containing the elements: Al, As, Ba, Cd, Cr, and 207 

Pb. 208 

We used formulas adapted by Wadt et al. (2007) to overestimate and/or 209 

underestimate nutritional deficiencies and excesses, according to the nutrient group so 210 

that the formulas will be predisposed as follows. In the HRMa group, the equation aims 211 

to overestimate the deficiency when A/B>a/b and underestimate the excess when 212 

A/B<a/b: 213 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝑎/𝑏𝐴/𝐵)              (1) 214 
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In the RRMa group, the equation aims to underestimate deficiencies (A/B<a/b) 215 

and excesses (A/B>a/b): 216 

If A/B<a/b: 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝐴/𝐵𝑎/𝑏)            (2) 217 

If A/B>a/b: 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝑎/𝑏𝐴/𝐵)                (3) 218 

In the HRMi group, the equation below aims to overestimate deficiencies and 219 

excesses: 220 

If A/B<a/b: 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝑎/𝑏𝐴/𝐵)            (4) 221 

If A/B>a/b and for nutrient with potential toxic effect when in excess: 222 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝐴/𝐵𝑎/𝑏)              (5) 223 

For the HRMi group, the adaptation of the equation aims to overestimate only 224 

the excess: 225 

If A/B<a/b: 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ 1             (6) 226 

if A/B>a/b: 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝐴/𝐵𝑎/𝑏)            (7) 227 

Due to the inclusion of PTE in the DRIS calculation, the equation aims to 228 

underestimate the “deficiency” when A/B<a/b and overestimate the excess when A/B>a/b 229 

of these elements in the plant: 230 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝐴/𝐵𝑎/𝑏)              (8) 231 

For comparison purposes, the DRIS were also calculated without separating 232 

nutrients into groups and, with or without the addition of PTE using the equation proposed 233 

by Jones (1981): 234 𝑓(𝐴/𝐵) = (𝐴/𝐵−𝑎/𝑏𝑆(𝑎/𝑏) ) ∗ 𝐾 ∗ (𝑎/𝑏𝐴/𝐵)              (9) 235 

Since, the ratio of nutrients in capital letters (A/B) represents the sample under 236 

study and in lower case (a/b) represents the reference population and its standard 237 

deviation (Sa/b). The “A” nutrients are those that, both in the direct and inverse 238 

relationship, represent their respective group. The k value is an adjustment factor for each 239 

function, and k=1.5 was used for the HRMa group; k=1.5 for the HRMi group; k=0.5 for 240 

the RRMa group; and k=1.0 for the RRMi group; and the k value for the PTE group was 241 

determined by the adjustment that presented the best overestimation of the excess and 242 

underestimation of the “deficiency” of PTE. 243 
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From the values of all the DRIS functions, the DRIS indices (IA) were 244 

calculated, according to the equation below, where ḟ is the average of the DRIS functions 245 

in the direct (f(A/B)) and inverse (f( B/A)) forms; and n is the number of DRIS functions 246 

considered. 247 𝐼𝐴 = ḟ = [𝑓(𝐴/𝐵) − 𝑓(𝐵/𝐴) + 𝑓(𝐴/𝐶) − 𝑓(𝐶/𝐴) + ⋯+ 𝑓(𝐴/𝑁) − 𝑓(𝑁/𝐴)]/𝑛   (10) 248 

With the indexes of each element, the mean nutritional balance index (NBIm) 249 

was calculated. The NBIm was obtained by dividing the absolute value of the nutritional 250 

balance index by the number of nutrients evaluated (n): 251 𝑁𝐵𝐼𝑚 = (|𝐼𝐴| + |𝐼𝐵| + |𝐼𝐶| + ⋯+ |𝐼𝑁|)/𝑛             (11) 252 

Additionally, to interpret the values of the generated indices, the criterion of 253 

potential response to simplified fertilization was adopted, which classifies the nutritional 254 

status of the plant for each nutrient as insufficient, balanced and in excess (Wadt, 2005): 255 

• Balanced (Bal.): |IA| < NBIm; 256 

• Insufficient (In.): |IA| > NBIm and IA < 0; and, 257 

• Excess (Ex.): |IA| > NBIm and IA > 0. 258 

After classifying each nutrient in each population, classifications with and 259 

without the addition of PTE, as well as the methods used, Wadt et al. (2007) and Jones 260 

(1981), were compared by the chi-square test (p < 0.05) with the aid of SigmaPlot 261 

software version 14.0 (Systat Software, 2020). This analysis aims to verify the agreement 262 

of classification of nutritional status when there was or not the addition of PTE in DRIS 263 

functions. 264 

The DRIS indices were also used to evaluate the sufficiency range of the 265 

concentration of each element in Eucalyptus leaves (Souza et al., 2015), based on their 266 

correlation with their respective nutritional index (IA). For each element, IA equaled zero 267 

and the element concentration called nutritional balance point (NBP) was obtained. The 268 

NBP value plus or minus 2/3 of the standard deviation of the element concentration of 269 

the entire population represents the lower and upper limits of the sufficiency range, 270 

respectively (Kurihara et al., 2013; Souza et al., 2015). The critical level of nutrients 271 

corresponds to the lower limit of the sufficiency range and the critical PTE concentration 272 

corresponds to the upper limit of the sufficiency range. 273 
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 274 

Results  275 

Populations productivity 276 

The high productivity subpopulations presented average MAI of 34, 58, 57, and 277 

59 m3 ha-1 per year according to A scenario (Table 2), corresponding to 27, 32, 35 and 278 

24% of the populations at 22, 44, 54, and 76 months after planting, respectively. In B 279 

scenario, the high productivity subpopulations had an average MAI of 54 m3 ha-1 per year, 280 

corresponding to 47% of the populations. Furthermore, the MAI of the high and low 281 

productivity subpopulations were different, showing increments of 8, 9, 10 and 41% at 282 

22, 44, 54, and 76 months after planting, respectively, and of 33% in B scenario. 283 

 284 

Table 2. Mean annual increase (m3 ha-1 per year) of Eucalyptus urograndis, treated with 285 

sewage sludge, in subpopulations of low and high productivity after 22, 44, 54, and 76 286 

months after planting (A scenario) and general (B scenario) 287 

 
Population 

Subpopulation 

Sig. Age High productivity Low productivity 

 Mean S.D. n Mean S.D. n Mean S.D. n 

22 months 32.3 1.7 40 34.3 0.8 11 31.6 1.3 29 * 

44 months 54.9 2.7 40 58.1 1.1 13 53.4 3.0 27 * 

54 months 53.6 3.3 40 57.0 1.4 14 51.7 2.4 26 * 

76 months 46.0 9.2 79 58.9 7.9 19 41.9 4.6 60 * 

General 46.6 10.1 199 53.6 8.2 94 40.3 7.0 105 * 

S.D. - Standard deviation; n – Number of populations; Sig. - Significance; * – Significant by the paired t-test (p < 0.05). 288 

 289 

Evaluation of DRIS norms and functions 290 

The direct and inverse DRIS norms (mean and standard deviation) of the dual 291 

relationships of nutrients and PTE were defined from the subpopulation of high 292 

productivity at the different ages of plantation evaluation (Table S3). There was a 293 

significant variation from 59 to 85% of the bivariate relationships of the elements 294 

evaluated between the ages and the general norm (Table S3). 295 

Fig. 2 shows the influence of correction factors proposed by Wadt et al. (2007) 296 

on the equation proposed by Jones (1981), enabling the overestimation and/or 297 

underestimation of the deficiency or excess of the elements. The values of the DRIS 298 

functions by the method proposed by Jones (1981) present a linear behavior with the 299 

element relationships, that is, the nutritional imbalance is considered constant and given 300 

by the slope of the line (Wadt et al., 2007). 301 
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 302 

Fig. 2. Values of the DRIS functions in Eucalyptus, calculated by the Jones (1981) 303 

equation and by the formula for macronutrients with frequent response (A – N/P) and rare 304 

(B – Ca/P) and micronutrients with frequent response (C – B/P) and rare (D – Mn/P), 305 

regarding the direct relationship of nutrients (n = 199) 306 

 307 

Using the Jones (1981) formula, the values of the DRIS functions for the 308 

elements of the group of PTE also show linear behavior (Fig. 3a). The adjustment of the 309 

sensitivity value (k) can improve the interpretation of the interference of PTE on the 310 

nutritional status of plants (Wadt et al., 2007). Therefore, the higher the value of k, the 311 

better the adjustment of the model will be to verify the influence of these elements on the 312 

nutritional status of the plants, especially in a situation of toxic effect (Fig. 3b). Therefore, 313 

the proposed k value for calculating the DRIS function in the PTE group was equal to 1.5 314 

(Fig. 3a). 315 
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 316 

Fig. 3. Values of As/P in Eucalyptus, calculated using the Jones (1981) equation and the 317 

equation for PTE (A) and with k values between 0.5 and 2.0 (B), regarding the direct As/P 318 

ratio (n = 199) 319 

 320 

Assessment of nutritional status 321 

The frequency of populations in balance, insufficiency, and excess of each 322 

nutrient, with or without the inclusion of PTE, in the low productivity subpopulation is 323 

presented in Table 3. In general, most populations were in a situation of nutritional 324 

balance, with the exception of B, which presented equivalent frequencies in the 325 

assessments of balance, insufficiency, and excess nutritional. The inclusion of PTE in the 326 

DRIS calculations did not cause significant changes in the frequency of populations in 327 

nutritional balance or imbalance (deficiency or excess) for the elements of the HRMa (N, 328 

P, and K) and RRMa (Ca, Mg, and S) group. However, the inclusion of PTE increased 329 

the frequency of populations in nutritional balance, and decreased populations in 330 

imbalance for the HRMi (B, Cu, and Zn) and RRMi (Fe, Mn, and Mo) groups, mainly, in 331 

situations of excess in the RRMi group. 332 

 333 

Table 3. Frequency in which low productivity Eucalyptus populations showed a balanced 334 

(Bal.), insufficient (In.) and excess (Ex.) nutritional status, with or without inclusion of 335 

potentially toxic elements (PTE) in DRIS functions 336 

PTE Interpretation N P K Ca Mg S B Cu Fe Mn Mo Zn Al As Ba Cd Cr Pb 

22 months 

With 

Bal. 66 62 55 100 100 100 31 24 69 48 41 69 48 59 52 52 48 52 

In. 21 38 31 0 0 0 34 45 7 24 31 17 17 0 38 10 41 7 

Ex. 14 0 14 0 0 0 34 31 24 28 28 14 34 41 10 38 10 41 
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Out 

Bal. 72 69 52 100 100 100 28 34 55 41 45 41       

In. 17 24 24 0 0 0 31 34 10 28 31 21       

Ex. 10 7 24 0 0 0 41 31 34 31 24 38       

44 months 

With 

Bal. 44 70 33 100 100 100 30 56 74 37 70 48 63 52 41 52 74 74 

In. 15 15 56 0 0 0 41 30 7 37 22 19 4 11 37 41 7 11 

Ex. 41 15 11 0 0 0 30 15 19 26 7 33 33 37 22 7 19 15 

Out 

Bal. 44 56 37 96 100 100 26 52 70 33 67 52       

In. 15 11 56 0 0 0 41 30 7 41 22 19       

Ex. 41 33 7 4 0 0 33 19 22 26 11 30       

54 months 

With 

Bal. 54 81 46 100 100 100 42 38 65 42 69 58 58 73 42 62 46 42 

In. 12 12 19 0 0 0 35 27 12 35 15 15 23 19 15 31 35 50 

Ex. 35 8 35 0 0 0 23 35 23 23 15 27 19 8 42 8 19 8 

Out 

Bal. 54 77 46 100 100 100 38 46 50 38 65 42       

In. 12 12 19 0 0 0 38 27 19 38 15 23       

Ex. 35 12 35 0 0 0 23 27 31 23 19 35       

76 months 

With 

Bal. 53 43 62 100 98 100 33 50 77 62 77 52 52 50 37 53 62 57 

In. 18 2 7 0 2 0 38 37 20 23 13 22 28 30 33 33 25 18 

Ex. 28 55 32 0 0 0 28 13 3 15 10 27 20 20 30 13 13 25 

Out 

Bal. 52 35 58 100 100 100 35 38 63 55 67 47       

In. 15 0 8 0 0 0 40 43 32 27 22 32       

Ex. 33 65 33 0 0 0 25 18 5 18 12 22       

 337 

Furthermore, the agreement of nutritional diagnosis (balanced, insufficiency, 338 

and excess) when there was or not the inclusion of PTE in the DRIS functions ranged 339 

from 57 to 100% of the populations, regardless of the method evaluated and age of 340 

planting (Table 4). Among the methods, the frequency of concordant diagnoses varied 341 

between 51 and 100% of the populations, except for the RRMa group, where there was 342 

no significant association between the methods (Table 5). 343 

 344 

Table 4. Frequency (%) of Eucalyptus populations with concordant diagnoses of the 345 

potential response to fertilization by nutrient between with or without the inclusion of 346 

potentially toxic elements in the calculations of DRIS functions, by the methods of Wadt 347 

et al. (2007) and Jones (1981) 348 

Age 
(months) 

Method N P K Ca Mg S B Cu Fe Mn Mo Zn Mean 

22 
Wadt et al. (2007) 83* 66* 82* 100ns 100ns 100ns 85* 81* 57* 78* 97* 60* 82 

Jones (1987) 87* 70* 84* 60* 73* 89* 76* 87* 75* 87* 92* 79* 80 

44 
Wadt et al. (2007) 90* 85* 86* 100ns 100ns 100ns 98* 85* 97* 96* 96* 89* 93 

Jones (1987) 82* 72* 80* 82* 76* 81* 98* 81* 88* 85* 92* 74* 83 

54 Wadt et al. (2007) 71* 85* 89* 100* 100ns 100ns 95* 82* 94* 98* 85* 93* 91 
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Jones (1987) 60* 82* 86* 94* 90* 91* 84* 94* 80* 95* 96* 95* 87 

76 
Wadt et al. (2007) 88* 73* 85* 100ns 100ns 100ns 80* 82* 86* 92* 96* 77* 88 

Jones (1987) 79* 68* 87* 85* 77* 87* 91* 93* 75* 93* 89* 85* 84 
ns – Not significant by the chi-square test (p > 0.05); * - Significant by chi-square test (p < 0.05). 349 

 350 

Table 5. Frequency (%) of Eucalyptus populations with concordant diagnoses of the 351 

response potential to fertilization between the DRIS functions by Wadt et al. (2007) and 352 

Jones (1981) methods 353 

Age 
(months) 

N P K Ca Mg S B Cu Fe Mn Mo Zn Al As Ba Cd Cr Pb Mean 

22 86* 93* 90* 75ns 68ns 63ns 84* 86* 94* 86* 95* 75* 94* 95* 89* 98* 98* 100* 87 

44 86* 80* 93* 49ns 61ns 68ns 89* 70* 98* 96* 94* 73* 95* 96* 97* 98* 89* 92* 85 

54 88* 92* 90* 51* 57ns 71ns 78* 84* 93* 93* 95* 84* 100* 96* 93* 93* 97* 90* 86 

76 88* 80* 90* 57ns 52ns 78ns 81* 86* 96* 94* 95* 81* 97* 90* 95* 93* 94* 89* 85 
ns – Not significant by the chi-square test (p > 0.05); * - Significant by chi-square test (p < 0.05). 354 

 355 

Order of nutritional limitation 356 

Table 6 shows the order of the most limiting nutrients by deficiency, with and 357 

without the addition of PTE, at the different ages of assessment. In both subpopulations, 358 

the most limiting element due to deficiency was B, with or without the inclusion of PTE, 359 

occurring between 21 and 32% of the populations, except at 22 months after planting, in 360 

which there was greater limitation due to Cu deficiency (24–27%) in the low productivity 361 

subpopulation and Fe (27%) and N, P, B, and Cu (18%) in the high productivity 362 

subpopulation, with and without the inclusion of PTE, respectively.  363 

 364 

Table 6. Order of nutrients in deficiency limiting the Eucalyptus wood yield in low yield 365 

population, and its respective frequency 366 

Subp. PTE Deficiency limiting order 

22 months 

Low 

Out 
Cu > Mo > Mn > K > B > P > N = Ca = Mg = S = Fe = Zn 

27.6 24.1 17.2 13.8 10.3 6.9 0.0 0.0 0.0 0.0 0.0 0.0 

With 
Cu > Mo > Mn > K = B > P > Zn > N = Ca = Mg = S = Fe 

24.1 20.7 17.2 13.8 13.8 6.9 3.4 0.0 0.0 0.0 0.0 0.0 

High 

Out 
N = P = B = Cu > K = Fe = Mo > Ca = Mg = S = Mn = Zn 

18.2 18.2 18.2 18.2 9.1 9.1 9.1 0.0 0.0 0.0 0.0 0.0 

With 
Fe > B = Cu > N = P = K = Mo > Ca = Mg = S = Mn = Zn 

27.3 18.2 18.2 9.1 9.1 9.1 9.1 0.0 0.0 0.0 0.0 0.0 

44 months 

Low 

Out 
B > Mo > K = Mn > Cu = Fe = Zn > N = P = Ca = Mg = S 

25.9 22.2 14.8 14.8 7.4 7.4 7.4 0.0 0.0 0.0 0.0 0.0 

With 
B > Mo > K = Mn > Cu = Fe = Zn > N = P = Ca = Mg = S 

25.9 22.2 14.8 14.8 7.4 7.4 7.4 0.0 0.0 0.0 0.0 0.0 
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High 

Out 
B > P = Fe = Mo > K = Cu = Zn > N = Ca = Mg = S = Mn 

30.8 15.4 15.4 15.4 7.7 7.7 7.7 0.0 0.0 0.0 0.0 0.0 

With 
B > P = Fe = Zn > K = Cu = Mo > N = Ca = Mg = S = Mn 

30.8 15.4 15.4 15.4 7.7 7.7 7.7 0.0 0.0 0.0 0.0 0.0 

54 months 

Low 

Out 
B > Mn > Fe > Cu > K = Zn > N = Mo > P = Ca = Mg = S 

30.8 19.2 15.4 11.5 7.7 7.7 3.8 3.8 0.0 0.0 0.0 0.0 

With 
B > Mn > Fe > Cu > K = Zn > N = Mo > P = Ca = Mg = S 

30.8 19.2 15.4 11.5 7.7 7.7 3.8 3.8 0.0 0.0 0.0 0.0 

High 

Out 
B = Cu > Zn > N = P = K = Ca = Mn = Mo > Mg = S = Fe 

21.4 21.4 14.3 7.1 7.1 7.1 7.1 7.1 7.1 0.0 0.0 0.0 

With 
B = Cu > K = Zn > N = P = Mn = Mo > Ca = Mg = S = Fe 

21.4 21.4 14.3 14.3 7.1 7.1 7.1 7.1 0.0 0.0 0.0 0.0 

76 months 

Low 

Out 
B > Cu > Fe = Mn = Mo = Zn > N > P = K = Ca = Mg = S 

30.0 28.3 10.0 8.3 8.3 8.3 6.7 0.0 0.0 0.0 0.0 0.0 

With 
B > Cu > Zn > N = Fe = Mn > Mo > P = K = Ca = Mg = S 

31.7 28.3 10.0 8.3 8.3 8.3 5.0 0.0 0.0 0.0 0.0 0.0 

High 

Out 
Cu = Mo > B > N = K = Mn > Fe = Zn > P = Ca = Mg = S 

21.1 21.1 15.8 10.5 10.5 10.5 5.3 5.3 0.0 0.0 0.0 0.0 

With 
B = Cu > Mo > N = Fe = Mn > K = Zn > P = Ca = Mg = S 

21.1 21.1 15.8 10.5 10.5 10.5 5.3 5.3 0.0 0.0 0.0 0.0 

Subp. – Subpopulation 367 

 368 

In the same way as for deficiency, it is possible to verify the most limiting 369 

element by excess (Table 7). There was variation in the most limiting nutrients and PTE  370 

due to excess at different ages of evaluation. Overall, B (21–27%) was the most limiting 371 

nutrient by excess in the high-yielding subpopulation, except at 76 months, where Mo 372 

was the most limiting (21%). In the low productivity subpopulation, B (43%), N (26–373 

30%), Zn (15–19%), and P (28–33%) were the most limiting nutrients due to excess at 374 

22, 44, 54, and 76 months after planting, respectively. For PTE, As (24%) and Cd (36%) 375 

were the most limiting at 22 months, As (33%) and Ba (31%) at 44 months, Ba (35%) 376 

and Cd (29%) at 54 months, and Ba (22–32%) at 76 months after planting, in low and 377 

high yield subpopulations, respectively. 378 

 379 

Table 7. Order of nutrients in excess limiting the Eucalyptus wood yield in low yield 380 

population, and its respective frequency 381 

Subpop. PTE Excess limiting order 
22 months 

Low 

Out 
B > Cu > Fe > Mo = Zn > Mn > N = K > P = Ca = Mg = S 
34.5 17.2 13.8 10.3 10.3 6.9 3.4 3.4 0.0 0.0 0.0 0.0 

With 
B > Cu > Fe = Mo > Mn = Zn > N = K > P = Ca = Mg = S 
34.5 17.2 13.8 13.8 6.9 6.9 3.4 3.4 0.0 0.0 0.0 0.0 

 As = Cd > Al > Pb > Ba > Cr       
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 24.1 24.1 20.7 17.2 10.3 3.4       

High 

Out 
P = B > N = K = Cu = Fe = Mn = Mo = Zn > Ca = Mg = S 
18.2 18.2 9.1 9.1 9.1 9.1 9.1 9.1 9.1 0.0 0.0 0.0 

With 
B > P = Mn > K = Cu = Fe = Mo > N = Ca = Mg = S = Zn 
27.3 18.2 18.2 9.1 9.1 9.1 9.1 0.0 0.0 0.0 0.0 0.0 

 Cd > As = Cr > Al = Ba = Pb       
 36.4 18.2 18.2 9.1 9.1 9.1       

44 months 

Low 

Out 
N > B = Mn = Zn > Fe > Cu = Mo > P = K = Ca = Mg = S 
29.6 18.5 18.5 18.5 7.4 3.7 3.7 0.0 0.0 0.0 0.0 0.0 

With 
N > B = Mn = Zn > Fe > Cu = Mo > P = K = Ca = Mg = S 
25.9 18.5 18.5 18.5 11.1 3.7 3.7 0.0 0.0 0.0 0.0 0.0 

 As > Al > Ba > Cd = Pb > Cr       
 33.3 29.6 18.5 7.4 7.4 3.7       

High 

Out 
B = Zn > K = Mn > Cu = Fe = Mo > N = P = Ca = Mg = S 
23.1 23.1 15.4 15.4 7.7 7.7 7.7 0.0 0.0 0.0 0.0 0.0 

With 
B = Zn > K = Mn > Cu = Fe = Mo > N = P = Ca = Mg = S 
23.1 23.1 15.4 15.4 7.7 7.7 7.7 0.0 0.0 0.0 0.0 0.0 

 Ba > Al = Cr > Cd > As > Pb       
 30.8 23.1 23.1 15.4 7.7 0.0       

54 months 

Low 

Out 
N = K = Mn = Zn > Cu = Fe = Mo > B > P = Ca = Mg = S 
15.4 15.4 15.4 15.4 11.5 11.5 11.5 3.8 0.0 0.0 0.0 0.0 

With 
Zn > K = Mn > N = Cu = Fe = Mo > B > P = Ca = Mg = S 
19.2 15.4 15.4 11.5 11.5 11.5 11.5 3.8 0.0 0.0 0.0 0.0 

 Ba > Al = As = Cr > Cd = Pb       
 34.6 19.2 19.2 19.2 3.8 3.8       

High 

Out 
B > K = Cu = Mn = Mo > P = Fe = Zn > N = Ca = Mg = S 
21.4 14.3 14.3 14.3 14.3 7.1 7.1 7.1 0.0 0.0 0.0 0.0 

With 
B = Cu > Mn = Mo > P = K = Fe = Zn > N = Ca = Mg = S 
21.4 21.4 14.3 14.3 7.1 7.1 7.1 7.1 0.0 0.0 0.0 0.0 

 Cd > As = Pb > Cr > Al = Ba       
 28.6 21.4 21.4 14.3 7.1 7.1       

76 months 

Low 

Out 
P > K = Zn > B > N > Cu = Mn = Mo > Fe > Ca = Mg = S 
33.3 13.3 13.3 11.7 10.0 5.0 5.0 5.0 3.3 0.0 0.0 0.0 

With 
P > Zn > K > B > N = Mn > Mo > Cu > Fe > Ca = Mg = S 
28.3 16.7 13.3 11.7 10.0 10.0 5.0 3.3 1.7 0.0 0.0 0.0 

 Ba = Pb > As = Cr > Al = Cd       
 21.7 21.7 16.7 16.7 11.7 11.7       

High 

Out 
Mo > P = Mn > K = Fe = Zn > N = B = Cu > Ca = Mg = S 
21.1 15.8 15.8 10.5 10.5 10.5 5.3 5.3 5.3 0.0 0.0 0.0 

With 
Mo > P = Mn > K = Fe = Zn > N = B = Cu > Ca = Mg = S 
21.1 15.8 15.8 10.5 10.5 10.5 5.3 5.3 5.3 0.0 0.0 0.0 

 Ba > Pb > Cd > Al = Cr > As       
 31.6 26.3 15.8 10.5 10.5 5.3       

Subp. – Subpopulation 382 

 383 

Element sufficiency ranges 384 

To determine the sufficiency ranges of each element and its critical concentration 385 

(Table 8), from the DRIS indices, the determination coefficients (R2) of the equations 386 

presented values between 0.28 and 0.94, being normally lower for N, P, S, and Zn (Tables 387 
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S4 and S5). Despite the low coefficient of determination for these elements, the 388 

relationship between nutrient concentration and nutrient indices was significant (p < 389 

0.05). 390 

 391 

Table 8. Nutrient balance point (NBP) and sufficiency ranges obtained by the DRIS 392 

method, with and without the inclusion of potentially toxic elements, to evaluate the 393 

nutritional status of Eucalyptus treated with class B sewage sludge 394 

Elements 
22 months 44 months 

NBP Range NBP Range NBP Range NBP Range 

N (g kg-1) 20.3 18.5-22.0 20.1 18.3-21.8 19.9 17.8-21.9 19.8 17.8-21.8 

P (g kg-1) 1.46 1.39-1.53 1.45 1.38-1.51 1.29 1.21-1.37 1.29 1.20-1.37 

K (g kg-1) 7.91 7.28-8.54 7.81 7.18-8.43 9.8 9.0-10.6 9.88 9.11-10.65 

Ca (g kg-1) 11.0 10.1-11.8 10.8 10.0-11.7 13.7 11.6-15.7 13.6 11.6-15.7 

Mg (g kg-1) 2.13 1.97-2.30 2.11 1.95-2.28 1.96 1.79-2.13 1.95 1.78-2.12 

S (g kg-1) 1.06 0.96-1.16 1.05 0.95-1.15 1.05 0.94-1.16 1.04 0.94-1.15 

B (mg kg-1) 66 52-80 64 50-78 57 48-67 57 48-67 

Cu (mg kg-1) 3.04 2.70-3.37 2.99 2.65-3.32 2.79 2.55-3.02 2.79 2.56-3.03 

Fe (mg kg-1) 119 91-147 116 87-144 249 223-275 248 222-274 

Mn (mg kg-1) 255 215-296 250 209-291 289 241-338 288 240-337 

Mo (mg kg-1) 0.08 0.00-0.25 0.08 0.00-0.25 0.06 0.05-0.08 0.06 0.05-0.08 

Zn (mg kg-1) 15.7 14.4-17.0 15.4 14.1-16.7 13.2 12.0-14.5 13.2 12.0-14.5 

Al (mg kg-1) 147 102-193    336 301-371    

As (mg kg-1) 0.01 0.005-0.014    0.06 0.05-0.06    

Ba (mg kg-1) 11.2 9.5-12.9    16.4 12.2-20.7    

Cd (mg kg-1) 0.003 0.002-0.004    0.01 0.00-0.01    

Cr (mg kg-1) 0.16 0.11-0.20    0.20 0.18-0.22    

Pb (mg kg-1) 0.09 0.07-0.11    0.15 0.14-0.17    

Elements 
54 months 76 months 

NBP Range NBP Range NBP Range NBP Range 

N (g kg-1) 20.9 19.9-21.9 21.0 20.0-21.9 14.3 13.4-15.2 14.3 13.3-15.2 

P (g kg-1) 1.38 1.32-1.44 1.38 1.32-1.44 0.95 0.86-1.04 0.94 0.84-1.03 

K (g kg-1) 8.84 8.13-9.54 8.88 8.17-9.58 8.95 8.33-9.56 8.93 8.31-9.55 

Ca (g kg-1) 9.25 8.54-9.96 9.28 8.57-9.99 10.2 8.8-11.6 10.2 8.8-11.7 

Mg (g kg-1) 1.99 1.86-2.12 2.01 1.88-2.13 2.37 2.11-2.64 2.42 2.15-2.69 

S (g kg-1) 1.54 1.46-1.62 1.55 1.47-1.63 1.08 1.01-1.15 1.08 1.01-1.15 

B (mg kg-1) 37 30-43 37 30-43 55 46-63 55 46-64 

Cu (mg kg-1) 4.33 3.97-4.69 4.33 3.98-4.69 4.71 4.21-5.20 4.73 4.23-5.22 

Fe (mg kg-1) 142 131-153 142 131-153 130 113-147 129 112-146 

Mn (mg kg-1) 223 191-254 224 192-255 306 236-375 305 236-375 

Mo (mg kg-1) 0.02 0.01-0.02 0.02 0.01-0.02 0.07 0.05-0.09 0.07 0.05-0.09 

Zn (mg kg-1) 15.9 15.2-16.7 16.0 15.2-16.7 15.5 13.9-17.0 15.5 13.9-17.1 

Al (mg kg-1) 193 177-209    159 134-184    

As (mg kg-1) 0.04 0.03-0.04    0.03 0.03-0.04    

Ba (mg kg-1) 7.63 6.54-8.72    12.9 10.4-15.5    

Cd (mg kg-1) 0.003 0.002-0.004    0.005 0.003-0.006    

Cr (mg kg-1) 0.21 0.20-0.23    0.23 0.19-0.26    
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Pb (mg kg-1) 0.09 0.08-0.09    0.09 0.07-0.11    

 395 

Discussion 396 

Populations productivity 397 

Wood production reached an average annual increase above the Brazilian 398 

average of 36.8 m3 ha-1 year-1, recorded in 2020 (IBÁ, 2021), at the four evaluation ages, 399 

except for 22 months of age (Table 2). In  scenario A, the high productivity 400 

subpopulations presented 64, 92, 86, and 84% of the populations with SS application, 401 

with 45, 54, 50, and 53% with SS application providing 100% of the N recommendation, 402 

supplemented with P, with or without B, for Eucalyptus at 22, 44, 54, and 76 months after 403 

planting, respectively. The high productivity subpopulation in B scenario had 75% of the 404 

populations with SS application, with 39% with SS application providing 100% of the N 405 

recommendation for Eucalyptus. These data demonstrate the representativeness of the SS 406 

application in the reference population, especially when applied according to agronomic 407 

criteria. Still, studies have already shown that the SS application in forest plantations can 408 

be a sustainable alternative for the destination of this residue, increasing soil fertility and 409 

increasing wood productivity (Abreu-Junior et al., 2017, 2020; Cardoso et al., 2022). 410 

 411 

Evaluation of DRIS norms and functions 412 

To verify the possibility of using a general norm to evaluate the nutritional status 413 

of Eucalyptus fertilized with SS, a comparison of the norms between the evaluated ages 414 

and a general norm was carried out (Table S2). However, there was a significant 415 

difference in the dual relationships of the elements between the different ages and 416 

between the ages and the general norm. This indicates that preference should be given to 417 

the use of specific norms for assessing the Eucalyptus nutritional status. A similar result 418 

was observed by Silva et al. (2005), evaluating the universality of the DRIS and CND 419 

standards for Eucalyptus in different regions in the Minas Gerais State. 420 

With the norms defined, the use of different equations for the DRIS functions 421 

aiming to overestimate or underestimate the deficiency or excess of nutrient class can 422 

help in the interpretation and decision making about the management of nutrients (Wadt 423 

et al., 2007). In the HRMa group, the equations used overestimates the deficiency and 424 

underestimates the excess (Wadt et al., 2007), this is because the nutrients of this group 425 

(N, P, and K) in deficiency can cause great damage to the plants, while in excess there is 426 
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low impairment of plant development (Fig. 2a). Thus, this method makes it possible to 427 

recommend the application of N, P, and K to improve plant nutrition and productivity. 428 

For the RRMa group (Ca, Mg, and S), underestimating the deficiency and excess 429 

of nutrients can cause a decrease in the perception of the need to apply these nutrients in 430 

a situation of deficiency, due to the approximation of the equilibrium situation with the 431 

application of the correction factor (Fig. 2b). In the HRMi group (B, Cu, and Zn), 432 

nutrients have a potential toxic effect when in excess for Eucalyptus (Matiello et al., 2009; 433 

Soares et al., 2000, 2001), so both deficiency and excess were overestimated (Fig. 1c), 434 

thus, it is possible to develop an adequate management of these micronutrients at planting. 435 

For the RRMi group (Fe, Mn, and Mo), only the excess was overestimated, due to the 436 

possibility of toxicity by these elements in Eucalyptus (Fig. 2d). 437 

The proposed equation for the PTE group aims to underestimate “deficiency” 438 

when A/B<a/b and overestimate excess when A/B>a/b (Fig. 3). This methodology was 439 

used due to the non-essentiality and possible toxic effect of PTE. In a situation where the 440 

elements of this group are in a lower ratio than the reference population (A/B<a/b), called 441 

“deficiency”, lower concentration are observed, reducing the risks of toxicity, and 442 

compromising productivity. In the opposite situation, where the ratio is greater than that 443 

of the reference population (A/B>a/b), said in excess, the overestimation of the excess 444 

can help in the evaluation of the nutritional imbalance caused by these elements in the 445 

plant. 446 

 447 

Assessment of nutritional status 448 

The frequency of Eucalyptus populations in nutritional balance, deficiency, and 449 

excess was not significantly altered by the inclusion of PTE in the DRIS norms and 450 

functions for both groups of macronutrients (HRMa and RRMa). This occurred even 451 

though some evaluated elements show some type of interaction with macronutrients. For 452 

example, As can compromise the uptake and transport of P in plants (Singh et al., 2016), 453 

as well as Se (not evaluated in this work), shows interaction with S (Zhou et al., 2020). 454 

In both situations, there is competition between these elements in terms of absorption and 455 

translocation of nutrients in the plant. This occurs due to the low concentration of these 456 

elements in the plant, an important factor in the antagonism and synergism interactions 457 

between the elements (Safarzadeh et al., 2013). 458 

However, the addition of PTE to the norms changed the frequency of populations 459 

in nutritional balance and imbalance for micronutrients. This result may demonstrate 460 
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more sensitivity in the use of the method to assess the nutritional status of plants in 461 

relation to micronutrients with PTE. This can also be observed in the frequency of 462 

diagnostic agreement with or without the inclusion of PTE, where the agreements 463 

between nutrients in the HRMa group range from 60 to 90% and for micronutrients range 464 

from 60 to 98% for the HRMi group and from 57 to 98% for the RRMi group (Table 4). 465 

Thus, the incorporation of these elements in the functions can provide important 466 

information as to which element is being more harmful to plants (Tables 6 and 7), without 467 

major changes in the interpretation of the plant's nutritional status and consequent fertility 468 

and nutrition management to be carried out adopted. 469 

The same can be said when comparing the DRIS methods used in this work, in 470 

which the frequency of diagnosis agreement ranged from 51 to 100% of the populations 471 

(Table 5), indicating that the method proposed in this work, with the inclusion of PTE to 472 

the DRIS calculations, it does not change the interpretation of the results for the 473 

evaluation of the SS treated Eucalyptus nutritional status. 474 

For PTE, considering that the situation of deficiency and nutritional balance of 475 

these elements are desired because they present values lower or similar to the 476 

subpopulation of high productivity, the evaluation of situations of these elements in 477 

excess is necessary. It can be seen that for the evaluated EPT (Al, As, Ba, Cd, Cr, and 478 

Pb), the frequency of excess plots ranged from 7 to 41% with the DRIS calculations 479 

(Table 3). Thus, it was observed that As and Pb (41%) had a higher frequency of 480 

populations in nutritional excess at 22 months after planting, As (37%) at 44 months after 481 

planting and Ba at 54 (42%) and 76 (30 %) months after planting. Based on this, attention 482 

should be paid to the concentration of these elements in the sewage sludge to be applied, 483 

even in Eucalyptus plantations, a large crop, long cycle and low exposure to humans and 484 

animals. 485 

 486 

Order of nutritional limitation 487 

By ordering the nutrient indexes in increasing order in each population, it is 488 

possible to verify the most limiting nutrient by deficiency (most negative index) and by 489 

excess (most positive index) (Pinto et al., 2010). Boron was an element of great interest 490 

in this study (Cardoso et al., 2022) and presented intriguing results (Tables 6 and 7). The 491 

higher frequency of populations in a situation of B deficiency in the low productivity 492 

subpopulation was due to the application of SS without supplementation with B, 493 

demonstrating the need for the addition of this nutrient in the management of Eucalyptus 494 
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fertilization with SS and mineral fertilizers. In the high productivity subpopulation, B was 495 

limiting due to nutritional deficiency and excess. This occurred because the high 496 

productivity subpopulations received SS doses supplemented with or without B. Thus, 497 

the populations that received B application were in a situation of nutritional excess and 498 

those where there was no application, there was a deficiency of B. This result shows the 499 

need to adjust the dose of B to be applied when fertilizing with SS in a Eucalyptus 500 

plantation. 501 

For PTE, in general, Ba was the most limiting element due to excess in the 502 

planting of Eucalyptus treated with SS. Nascimento et al. (2020), studying sewage sludge 503 

from different wastewater treatment plants in the state of São Paulo, observed that SS of 504 

mixed (industrial and domestic origin) are less prone to agricultural use due to the high 505 

PTE concentration, including Ba, with mean of 668 mg kg-1, concentration similar to that 506 

observed in the sewage sludge used in this work (629 mg kg-1; Table S2), but lower than 507 

the maximum limit allowed by Brazilian legislation (1.300 mg kg-1; Brazil, 2020). 508 

 509 

Element sufficiency ranges 510 

The coefficient of determination (R2) between the elements concentration and 511 

the element indexes developed by the DRIS functions, despite being significant, showed 512 

great amplitude, ranging from 0.28 to 0.94 (Tables S4 and S5). Equivalent results were 513 

also observed by other authors in distinct cultures (Camacho et al., 2012; Partelli et al., 514 

2014; Santos et al., 2013; Santos; Rozane, 2017; Serra et al., 2010). 515 

The nutrient sufficiency ranges and PTE of Eucalyptus treated with SS, 516 

determined by the DRIS functions, changed according to the age of planting, once again 517 

demonstrating the need for specific rules for each planting situation, such as age and 518 

location (Silva et al., 2005). It is also possible to observe a change in the concentration 519 

and a reduction in the amplitude of the sufficiency range in relation to the official 520 

recommendation of the State of São Paulo (Gonçalves et al., 1997). This occurs due to 521 

the specificity of the analysis used in this work and the use of the DRIS functions (Santos; 522 

Rozane, 2017). 523 

For PTE, the use of this method can obtain and produce information on the 524 

maximum limit concentration of these elements in plants without any loss in productivity 525 

and growth of Eucalyptus fertilized with SS. Thus, further studies are recommended with 526 

the objective of obtaining norms, sufficiency range and maximum concentration of PTE 527 
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for distinct cultures and management of fertilization with residues and organic fertilizers, 528 

such as SS. 529 

The modeling of DRIS functions with the PTE inclusion was able to 530 

underestimate or overestimate these elements in situations of “deficiency” and excess, 531 

respectively, contributing to the assessment of the nutritional status of Eucalyptus. From 532 

the indices generated by the DRIS method, it was possible to determine which nutrients 533 

were the most limiting due to deficiency and excess, in addition to ordering the PTE 534 

limiting the Eucalyptus productivity. Barium was the most limiting element in the 535 

subpopulations of low and high productivity. The identification of populations in 536 

nutritional deficiency, balance, or excess for each nutrient by the concept of potential 537 

response to fertilization proved to be an effective tool for interpreting the DRIS indices, 538 

presenting equivalent results when PTE where or not included. Finally, the need for 539 

specific norms for each region or situation of analysis is highlighted. 540 

 541 
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