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Abstract: 

Mathematical models are useful in calculating forage nutrient concentration, nutrient 

extraction and growth curves. An analysis was done of growth and nutrient content in 

Pennisetum sp. (maralfalfa) applying Gompertz and Logistic models. Dilution curves for 

nitrogen, phosphorous and potassium (NPK) were generated using a negative potential model 

and maximum extraction values were calculated with a second order polynomial equation. 

Nutrient unitary extraction and nutrient recovery efficiency of NPK were also calculated. The 

goodness-of-fit models were compared using a completely randomized design with a 2 x 2 

factorial arrangement, in which factor A was the two models and factor B was the real-world 

assay (fertilized treatment vs. control). Nutrient concentration curves were optimized with 

the Levenberg-Marquart algorithm. Both models’ goodness-of-fit were similar among the 

study plots, although the Gompertz model better represented biological reality. Maximum 
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growth rate was reached at 21 d after sowing in the control plots and at 56 d in the fertilized 

plots. The inflection point was reached at 30 ds in the control plots and at 31 d in the fertilized 

plots. Nutrient concentration decreased over time in both the treatment and control, and dry 

matter production was highest in the fertilized treatment. Aside from calcium and 

magnesium, nutrient unitary extraction did not differ between the treatment and control. 

Nutrient recovery efficiency was 48 % for nitrogen, 39% for phosphorous and 104 % for 

potassium, suggesting excess nutrient levels.  
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Continuous forage production is the greatest challenge in meeting feeding needs in beef and 

dairy cattle production systems(1). Small and medium livestock producers in the tropics face 

chronic forage shortages caused by droughts and inadequate management practices(2,3). 

Harvested forages cultivated on lands with productive potential are fundamental to reducing 

the production costs of feeding cattle(4). Moreover, they require less area for forage 

production and therefore have a relatively lower impact on ecosystems transformed by 

increasingly intense livestock development(3). Sustainable livestock production can be 

difficult, and continuous production forages are vital to its success. If a forage species is 

known to be productive further data is needed on its growth rate and basic reference 

parameters to facilitate effective management decisions and increase harvest efficiency(5,6), 

as well as to guarantee expression of its maximum productive potential. 

Due to their rapid growth and high production volume the forage grasses Pennisetum spp. 

can be used in intensive harvest systems(7,8). Maximizing Pennisetum spp. production can 

benefit from mathematical models that estimate a specific species’ moment of maximum 

biological production and nutrient extraction (primarily NPK). This information assists in 

planning optimum time of harvest and fertilizer application, and minimizing environmental 

impacts. 

Improving forage yields has been associated with soil nutrient contribution, which increases 

crop nutritional value and crop production(9), as well as sufficient accumulation of heat units 

and adequate water supply to take full advantage of a forage species’ productive potential(10). 

The present study had two objectives. The first was to describe growth in Pennisetum sp. 

(ecotype maralfalfa) during the rainy season in a control (unfertilized) and fertilized 

treatment, and using the Gompertz and Logistic models. The second was to model the 

nutrient extraction and dilution curves, and calculate unitary extraction (UE) and nutrient 
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recovery efficiency (NRE) for nitrogen (N), phosphorus (P) and potassium (K) to determine 

proper fertilizer load for the next production cycle. 

A Pennisetum sp. (maralfalfa) pasture was established under seasonal conditions in July 2010 

to January 2011 at the La Posta Experimental Field, in Paso del Toro, in the state of Veracruz, 

Mexico (19º00'49" N; 96º08'19" W). Located at 10 m asl(11), regional climate is sub-humid 

tropical (Aw2 in Köppen climate classification)(12). Accumulated rainfall during the six-

month study period was 1,461 mm, average relative humidity was 77.4%, and average 

temperature was 25 °C (maximum = 35 °C; minimum = 15 °C). Soils at the experimental 

field are predominantly deep Vertisol type soils with acidic pH (5.4), a clay-sandy friable 

texture and 2.6% organic matter content(13). Experimental unit area was 4.0 x 12.0 m (48 m2). 

It was planted in furrows 0.80 m apart with 0.80 m between plants, following a completely 

random block design with 16 replicates. In the fertilization treatment a 141-43-20 (N-P-K) 

dose was applied using 200 kg urea, 50 kg of 18-46-00 mixture and 200 kg of 20-10-10 

mixture. This was applied in two applications: the first (8 days post standardizing cut) 

included 100 kg urea, 100 kg 20-10-10 mixture and 25 kg 18-46-00 mixture; the second (60 

days later) included all the remaining N, P and K(14). 

 

The grass was harvested every 21 d at 25 cm above ground level, with a total of eight cuts 

and a study period of 168 days. In each sampling, fresh matter (FM) production per plot was 

recorded. A 300 g subsample was collected from the FM, dried in a forced air oven at 55 °C 

to constant weight, and dry matter (DM) content estimated with a correction at 105 °C(15). 

The samples were milled (Thomas Wiley, model 3383L40) to a 1 mm particle size for NPK 

and chemical analyzes. Using the accumulated DM weights, the curve and growth rate were 

calculated with equation 1. 

 

𝐺𝑅 =
𝐷𝑀𝑃𝑡2−𝐷𝑀𝑃𝑡1

𝑇2−𝑇1
   (1) 

 

Where: GR= growth rate kg DM ha-1 d-1; DMPt2= dry matter production at time 2, kg DM 

ha-1; DMPt= dry matter production at time 1, kg DM ha-1; T2= final time, T1= initial time.  

 

The growth curves were created with the Gompertz(16) and Logistic(17) models, using the 

Micromath Scientist software (Micromath Research, 2006), and applying the Powell 

algorithm as the minimization method. The Gompertz function used was:  
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  BxAY  expexp    (2) 

Where Y= yield, A= maximum production, -B= inflection point, µ= growth rate, and x= time 

in days. The Logistic function used was:   

))*exp(*1/( TcBAP     (3)  

Where P= production, A= maximum production, B= inflection point, c= growth rate(18). 

Forage N content was calculated with the Kjeldhal method (VELP Scientifica, Series D-K6, 

USA), using 0.5 g samples in triplicate per whole plant. Phosphorous was quantified with 

ammonium vanadate in a UV-visible spectrophotometer (UV/VIS Lambda 2, Perkin Elmer, 

USA). Potassium, calcium and magnesium were measured by atomic absorption, while 

sulpher was measured with the turbidimetric method using barium sulfate in a UV/VIS 

spectrophotometer(19). Comparison of nutritional NPK content in the forage samples at the 

different harvests was done with equation 4(20). 

Baxy 
…. (4) 

Where a= critical concentration of nutrient in plant, x= DM production, –B= decrease 

(dilution) rate of nutrient in plant, calculated using the Levenberg-Marquart logarithm for 

minimizing variance.  

Each nutrient’s unitary extraction (UE) was estimated based on the nutritional composition 

of each nutrient (N, P, K) in the grass species. It was calculated with equation 5(21). 

 

UE= FY/NAF   (5)  

Where: UE= unitary extraction or efficiency of nutrient in the fertilizer, FY= forage yield (kg 

ha-1), and NAF= nutrient applied via fertilizer (kg ha-1). 

 

Calculation of NPK nutrient recovery efficiency (NRE) was done with equation 6(22):    

 

NRE = [(NT – Ncontrol)/Dose in trat] x 100   (6) 

 

Where: NRE= nutrient recovery efficient, NT= plant nutrient content (N, P or K) in 

treatment; Ncontrol = plant nutrient content (N, P or K) in control, and Dose in trat = nutrient 

dose applied in fertilizer (NPK). The NT and Ncontrol were calculated from the derivative 

of each fitted polynomial, for maximum NPK extraction. 

The goodness-of-fit indicators in the Gompertz and Logistic models were R2, adjusted R2, 

r(23), and the model selection criterium (MSC)(24). For the coefficients A, B, C and µ, an 
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analysis of variance (ANOVA) was applied to NRE using the GLM procedure (SAS ver. 

9.01), and a comparison of means was done with the Duncan method (α=0.05)(25).                                                                                                                                                                                                        

The Gompertz model better represented the biological reality at the inflection point (B) for 

the treatment and the control plots. Maximum DM yield was 10,414 kg DM ha-1 in the 

treatment plots at 161 d, and 5,952 kg DM ha-1 in the control plots at 168 days (Table 1). 

Growth rate rose continually in the fertilized plots up to 56 d, with an inflection point at 31 

d (Figure 1a). In the control plots, maximum growth rate occurred at 21 d and then descended 

thereafter, with an inflection point at 30 d (Figure 1b). This growth behavior for maralfalfa 

grass is similar to other tropical grass species(26), with a sigmoid curve until reaching 

maximum expression followed by an asymptotic decrease. This behavior indicates a 

reasonable fit of the Gompertz model data to the biological reality represented in the curve; 

the resulting parameters provide trustworthy information on growth(18). 

 

 

Table 1: Goodness-of-fit indicators and Gompertz model coefficients for maralfalfa 

ecotype grass fertilization treatment (a), and control (b) during rainy season 

Indicators/coefficients Treatment Control 

   

R2 0.98 ± 0.004 a 0.98 ± 0.004 a 

R2adj 0.87 ± 0.028 a 0.84 ± 0.046 a 

r 0.93 ± 0.015 a 0.92 ± 0.025 a 

MSC 1.54 ± 0.262 a 1.44 ± 0.378 a 

   

A Maximum yield (kg ha-1) 

10,414 ± 

2,254.57 a 5,952± 2,684.75 b 

B Inflection point (days) 31.12 ± 7.094 a 29.62 ± 15.946 a 

µ Growth rate (kg DM ha-1day-1) 43 ± 0.68 a 31 ± 0.54 b 

ab Different letter suffixes in the same row indicate significant difference (Duncan= 0.05). 

± standard error 

R2= determination coefficient, R2adj= adjusted R2, 

r= coefficient of correlation, MSC= model selection criterium. 
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Figure 1. Fitted growth curve and rate (Gompertz), maralfalfa ecotype grass fertilization 

treatment (a), and control (b) during rainy season 

 

 

The low forage yields in the control treatment are related to the low availability of nutrients 

in the soil(27). At 56 d, fertilized Pennisetum OM-22 varieties have reported yields of 7 t DM 

ha-1(23), higher than the 6.1 t ha-1 produced at 56 d harvest in the present study. This is the 

maximum expressed potential yield based on the physiological processes of photosynthesis, 

heat unit accumulation, water absorption, nutrient availability and growth(10). At this yield a 

forage is optimally utilized, avoiding losses in total biomass due to senescence and 

decomposition(9). 

Average nutrient concentrations in the fertilization treatment were 1.06 % for N, 0.20 % for 

P and 2.35 % for K, whereas in the control they were 0.79 % for N, 0.21% for P and 2.30 % 

for K (P>0.05). Of note is that the greater availability of nutrients in the soil due to 

fertilization continued for a longer time which resulted in higher accumulated DM. The 

growth rate (μ in Equation 2) was also higher in the fertilization treatment, translating into 

higher yields per units of time and space, a phenomenon reported in other crops and forages 

with higher protein levels than Pennisetum sp.(5,28,29). However, maximum production did not 

coincide with the highest forage nutritional values. Rectifying this mismatch requires 

monitoring on the part of maralfalfa producers to determine at what point between 30 and 56 

d to harvest the grass to attain both the best possible quality grass and maximum production. 

This is vital to producing the most nutritious possible livestock feed since N content 

decreases in maralfalfa even over 30 d(29,30). Phosphorus and potassium levels behave in the 

same way, and these gradual decreases in chemical composition slowly reduce nutritional 

quality(29,30). 
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Maximum nutrient extraction levels in the control were 30 kg ha-1 at 107 d for N, 10 kg ha-1 

at 110 d for P, and 110 kg ha-1 at 120 d (Fig. 2a). Levels were substantially higher in the 

fertilization treatment with 68 kg ha-1 at 98 d for N, 17 kg ha-1 at 115 d P, and 208 kg ha-1 at 

116 d K (Figure 2b). Unitary extraction (UE) did not differ between the treatment and the 

control. In the control (5,952 t DM ha-1) average total UE was 27.49 kg N, 10.05 kg P, and 

116.0 kg K over 168 d. In the fertilization treatment estimated UE per ton DM was 4.72 kg 

N, 1.29 kg P, and 15.90 kg K. Average total extraction for the treatment (10,414 t DM ha-1) 

was 49.15 kg N, 13.43 kg P and 165.58 kg K over 161 d. Nutrient recovery efficiency (NRE) 

values were 48 % for N, 39 % for P and 104% for K. These indicate the amount of each 

nutrient required by the maralfalfa grass during the study period. Using the cumulative 

production of 58,205 t ha-1 at 161 d for the treatment, and applying the approach of Volke et 

al(31) for fertilized forage crops, the calculations for the recommended  fertilization levels for 

the next cycle would be 45-09-48 kg ha-1 (NPK). 

 

 

Figure 2: NPK extraction curves (quadratic model) for maralfalfa ecotype grass 

(Pennisetum sp.) during rainy season for fertilization treatment (a) and control (b)  

 

 

 

Excess soil N and K contents caused by fertilization is known to decrease the NRE of these 

nutrients(32,33). This may lead to loss of N, consequent soil contamination, and excess K 

uptake(33), a common situation faced by forage producers. Fertilization dose therefore needs 

to be adjusted based on a nutritional balance between crop nutrient demand, soil nutrient 

supply and nutrient recovery efficiency(31). In the present study fertilization directly affected 
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DM production and forage NPK content, although NRE was lower for N and P, suggesting 

that the fertilization dose utilized exceeded the required supply of these nutrients. 

Under the studied local climatic conditions (rainy season) the maralfalfa ecotype took 

advantage of the nutrient supply provided by fertilization, doubling its growth rate in the first 

60 d. Considering this behavior and with the goal of attaining the best quality forage, the first 

harvest would best be done before 56 d, when maralfalfa grass reaches its maximum growth 

rate. If a higher NPK concentration is desired in the harvested forage the harvest should be 

done at between 30- and 35-days’ regrowth in successive harvests. The observed forage NPK 

levels suggest that fertilizer dose should be adjusted downwards in the following production 

cycle. Understanding the productive behavior of maralfalfa grass in terms of nutrient 

extraction would facilitate more accurate fertilizer management, increase crop nutrient 

recovery efficiency and determine the most opportune moment for fertilization; all these 

measures could help to reduce potentially polluting nutrient surpluses, particularly of N. 
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