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Abstract: The aim of this study was to fit water disappearance and manure production curves at
growing–finishing commercial pig farms and compare the curve that best describes the evolution
of parameters evaluated, according to three variables: age, body weight, and pigs’ housing pe-
riod. Accordingly, 33 production cycles were evaluated considering a housing period of 105 days
(13,276 pigs—nine weeks old and 24.5 kg average body weight) during 13 months in 15 commercial
pig farms located in southern Brazil. The variables analyzed were used to adjust the water disappear-
ance and manure production curves (Brody, Gompertz, Logistic, Richards, and Von Bertalanffy) and
to estimate its biological parameters according to the NLMIXED SAS procedures. It was found that
the Logistic model was the one that best described both the water disappearance and the manure pro-
duction, displaying an asymptotic adjustment and estimated values measured in farms, e.g., pigs age
(water: R2 = 0.989, absolute error: 1.11 L/pig/day, and prediction error = 1.32%; manure: R2 = 0.995,
absolute error = 0.04 L/pig/day, and prediction error = 0.96%). It is emphasized that the models
determined in this research are the basis of the development of an instantaneous measuring device
that allows the producer to visualize both the water disappearance (plotting the daily measures) as
well as manure production in the farm and compare the values with the estimated curves.

Keywords: pig production; growing–finishing; non-linear models; water disappearance; manure production

1. Introduction

The management of pig farming activities is one of the main pillars of the success of the
activity. Through this, it is possible to systematically understand the aspects and processes
associated with production and to define in a sustainable way, which are the fundamental
procedures for carrying out the daily tasks on farms [1]. Since the 1950s, several mathe-
matical models were developed for decision support tools [2], to significantly improve
resource use efficiency [3], to organize, process and systematize the data collected [1]. Cur-
rently, these models were extended to different economical activities worldwide, including
livestock production, resulting in relevant information for the daily decision-making of
producers and/or other stakeholders associated with pig farming [1]. The fourth revo-
lution of agricultural technology (Agriculture 4.0) exhibits topics for research to increase
productivity, allocating, if possible, the same or less resources, adapting to global warming
and climate change [4]. The application of mathematical models is a limitation for most
of producers in developing countries, however, as a decision support tool [1–4], must be
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considered as an important part of the evolutive process in animal science and can be
defined as “use of equations to describe or simulate processes inserted in a system” [5]. In
pig production, modeling is considered an important tool for decision-making, being able
to be used to estimate variables/parameters related to critical characteristics, considering
various factors according to the physiological stage of production, such as: management,
genetics, animal nutrition, health, reproduction, biosecurity, behavior, welfare, resource
consumption and pollutant emissions, and environment [6,7]. In the era of big data col-
lection on pig farms, the digitalization process will generate new knowledge in relevant
topics of production. Additionally, these data can be further exploited using the knowledge
of animal requirements and physiology to develop new phenotypes increasing the sus-
tainability and efficiency of breeding. Technological tools based on daily data increase the
opportunities to generate performance indicators for production based on the difference
between both the observed and the individual’s potential data [8].

Many scientific processes are described by linear models; although, the biological
processes associated to animal science are inherently explained by non-linear models [9,10].
Asymptotic models are included within the nonlinear models’ group in which the graphic
representation shows a horizontal asymptotic, that is, when the independent variable tends
to infinity, the function limit is a constant [10]. An example that describes the use of this
model is the tissue growth in animals or plants that are, generally, faster in the initial phase
of life, subsequently decreasing speed and tending to its stabilization in adulthood [9–11].
The adjustment of asymptotic non-linear models also allows the synthesis of information
from animals in certain time periods (e.g., body weight according to age). Therefore, in this
period, a set of parameters can be interpreted biologically, making it easy to understand
the animal growth and development phenomenon [9,11–14].

The asymptotic non-linear models that are most frequently used to describe the studies
about growth and animal development are the following: Brody [15], Gompertz [16],
Logistic [17], Richards [18], and Von Bertalanffy [19]. It should be highlighted that although
there is animal science research published in the literature using the asymptotic non-linear
models, there are currently no references on the possibility of adopting this type of model
to estimate water disappearance and manure production, according to age, body weight
and animal housing period [1,14].

Considering the above, the present research aimed to fit water disappearance and
manure production curves at growing–finishing commercial pig farms and compare the
curve that best describes the evolution of parameters evaluated, according to three variables:
age, body weight, and pigs’ housing period. The hypothesis tested was: “it is possible to
estimate water disappearance and manure with a simplified model approach, in growing-
finishing commercial pig farms, with body weight between 25 and 120 kg, using asymptotic
non-linear models”.

2. Materials and Methods

The development of simplified models to estimate the water disappearance and
manure production, in growing–finishing commercial pig farms, assumed that the profile
of both parameters has similar behavior in the growth of animal tissues. Accordingly, it
was assumed that water disappearance and manure production rates increase in the initial
phase of pigs’ life, slowing down afterwards and stabilizing in adulthood. The models’
development to estimate both parameters, following a simplified approach, was designed
in accordance with two steps: (1) the Gompertz non-linear model was adjusted to the
weekly means of water disappearance and manure production, as a function of the pigs’
housing period (up to t = 15 weeks; 105 days) [14]; (2) Non-linear models (Brody, Gompertz,
Logistic, Richards, and Von Bertalanffy) were compared to each other after adjustment to
the weekly means of water disappearance and manure production in commercial pig farms
according to three variables: age between 63 and 168 days; body weight (initial: 24.5 kg)
and animal housing period (t = 15 weeks; 105 days).
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2.1. Experimental Design

The research was undertaken in 15 commercial pig farms, located in the west of Santa
Catarina state in southern Brazil, according to the methodology described in the litera-
ture [1,14]. To systematize and reduce possible causes of variation during the production
cycles evaluated the 15 farms were identified and selected according to the following
assumptions: (a) located in the same geographic region; (b) belong to the same agroin-
dustry, with a specific production flow; (c) representative of growing–finishing physio-
logical phase; (d) feasibility conditions at housing buildings to develop the research with
minimal intervention.

Two groups of animals (13,276 pigs in total) were housed and monitored at the selected
farms during the evaluation 33 cycles of production, considering two different seasons of the
year, cold and warm. The animals were monitored with Large White × Landrace (maternal
line) and Landrace × Large White or Pietrain (paternal line) and were distributed randomly
by sex in both sides of the housing building, each with pens for 10 pigs (1.0 m2/pig), with
a fully concrete floor, naturally ventilated through a system of a double-sided curtain, until
the end of the production cycle.

The animal water intake was ad libitum and feed intake was manual with restricted daily
intake (3 times per day), according to the specific recommendations of the agrobusiness. The
pigs had access to nine different nutritionally balanced diets (corn and soybean; crude protein
content ranging between 21% and 14%) produced by the agroindustry company [20,21].

2.2. Water Disappearance and Manure Production

The water disappearance (intake plus wastage) was measured by a total of 55 water
meters (Unimag Cyble PN 10, ITRÓN Inc., Liberty Lake, WA, USA) installed in all water
delivery lines (if necessary, cooling and cleaning facilities, but not considered) supplying
each housing building at the selected farms. Each device installed was calibrated to verify
accuracy at the start and end of the production cycle, and their levels were recorded daily by
the producer (24 h). To reduce potential mistakes, on the first and last day of pigs’ housing,
the readings were analyzed, and corrected according to the time of animals’ entrance and
exit. The drinker’s management was not evaluated (e.g., water column pressure, water
flow, height, and slope) despite their influence on pigs’ water disappearance [22,23].

The volume of manure produced was measured by installing 5 m3 volume fiberglass
tanks (Fibratec and Fortlev, Araquari SC, Brazil) between the housing buildings and the
storage system in each farm. The producer discharged on a daily basis (24 h) the manure
stored in the external pit’s ditches into the fiberglass tanks; subsequently, the manure depth
inside the tanks was determined with the aid of a graduated ruler, recording the values on
a specific worksheet. During the manure discharge, it was observed that a certain quantity
of solids remained settled/retained at the bottom of the fiberglass tank. To avoid an error
by overestimation of the volume of manure produced, the height of the retained solids was
measured, and a reference value was estimated per farm to remove from the total depth.
The manure production data were transferred weekly to a specific worksheet and through
specific equations, the daily volumes and weekly means were determined for each farm.

All potential data collection errors detected in relation to the pipes and drinkers
(leaks), and to the pit’s ditches and fiberglass tanks, were analyzed, corrected and some
were excluded (less than 1%) from the calculation of the total daily consumption and
manure production of the farm [14].

2.3. Simplified Mathematic Model Approach

In the development steps of the model, the daily measures of water disappearance and
manure production obtained in the physiological phase of growing–finishing (n = 33 cycles)
were organized into weekly average data, without considering the effect of the producer,
to estimate the parameters with biological meaning (a, b, c) of the asymptotic non-linear
models selected in function of three variables: age (between 63 and 168 days), housing
period (up to t = 15 weeks; 105 days), and pigs’ body weight (initial: 24.5 kg). It must be



Water 2023, 15, 278 4 of 10

pointed out that the curve fitting as a function of body weight was performed after simple
linear regression between the measured weight value and the age of the animals for each
cycle evaluated. To determine the weekly weights of the animals, the body weight of the
gilts and barrows was measured four times during the growing–finishing cycles: the first
one when they left the nursery, which precedes pigs housing in the physiological phase of
growth-to-finishing (63 days of age), two times during the production cycle (103–108 days
and 143–148 days) and the last one when the animals were slaughtered (168 days of age).

The mathematical equations of the asymptotic non-linear models used during the
research, among them, i.e., Brody—Equation (1) [15], Gompertz—Equation (2) [16],
Logistic—Equation (3) [17], Richards—Equation (4) [18], and Von Bertalanffy—Equation (5) [19],
for the estimation of water disappearance and manure production, were the following:

E[x]= a [1 − b exp (−cx)] (1)

E[x]= a exp[−b exp (−cx)] (2)

E[x]= a / [1 + b exp (−cx)] (3)

E[x]= a [1 − b exp (−cx)]v (4 †)

E[x]= a [1 − b exp (−cx)]3 (5)
† non-linear model with four parameters estimation (a, b, d, and v).
where: E(x)—water disappearance or pig manure production as a function of age (L/pig/day),
housing period (L/pig/day), and pigs’ body weight (L/pig/kg); a: asymptotic value of
water disappearance or manure production at maturity (L); b: constant relating water
disappearance and manure production as a function of age, housing period, and pigs body
weight; c: decay parameter at the inflection point of the curve; x: age, housing period, or
body weight (day or kg); v: fixed parameter that determines the shape of the curve and,
consequently, the inflection point in Richards’ non-linear model.

2.4. Statistical Analyses

Statistical descriptive analysis was done for all experimental data. Analyses of the
weekly average data adjustment to mathematical non-linear models were performed using
the NLMIXED procedure of Statistical Analysis System (SAS Inst. Inc., Cary, NC, USA) [24].
The best models to predict both water disappearance and manure production were selected
based on the lowest value of the Akaike Information Criterion (AIC). For each non-linear
model the determination coefficients (R2), and prediction errors (absolute (L/pig−1/d−1)
and relative (%)) were calculated.

3. Results and Discussion

The asymptotic non-linear models developed to predict both the water disappear-
ance and manure production of pigs in the growing–finishing physiological phase, were
developed, as previously mentioned, in terms of two steps.

3.1. Gompertz Non-Linear Model Adjusted to the Weekly Means of Water Disappearance and
Manure Production, as a Function of the pigs’ Housing Period

Figure 1 exhibits the results obtained for Step 1 regarding the adjustment of the non-
linear Gompertz model to (a) the weekly means of water disappearance, and (b) manure
production, considering the pigs’ housing period (up to t = 15 weeks; 105 days) for the
growing–finishing physiological phase [14].
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Figure 1. Adjustment of the non-linear Gompertz model to the weekly means data con-
sidering the pigs’ housing period for the growing–finishing phase: (a) Water disappearance;
(b) Manure production.

The results presented in Figure 1 allowed us to observe that the non-linear Gompertz
model, using a simplified approach, fitted to the profile of the weekly means data of both
water disappearance (n = 32 production cycles), and manure production (n = 33 produc-
tion cycles), according to the pigs’ housing period. The coefficients determined (water:
R2 = 0.996; manure: R2 = 0.997) allowed us to obtain an explanation of the profile of the
water disappearance and manure production during the growing–finishing physiological
phase with a high degree of confidence. In reference to the results obtained, in the first
days of the pigs’ housing, both the water disappearance and manure production were
exponential, and after the inflection point, remained asymptotic.

3.2. Different Non-Linear Models Adjusted to the Weekly Means of Water Disappearance and
Manure Production in Commercial Pig Farms According to Pigs’ Age

The information obtained at the end of Step 1 proved to be promising given the aim
proposed to this research (adjust the curves of water disappearance and manure production
in commercial pig farms, in growing–finishing phase). This fact allowed us to move to Step
2, where the results of different nonlinear models (Brody, Gompertz, Logistic, Richards,
and Von Bertalanffy) were adjusted and compared to the averages of both parameters
under evaluation, according to the three variables: age, body weight, and pigs’ housing
period. Given the similarity of the results obtained for the variables referred to in Step
2, the following tables (water disappearance: Tables 1–3; manure production: Tables 4–6)
present the estimation of the biological parameters of the models applied (a, b, c, and v for
Richard’s function), the values of Akaike’s information criterion (AIC), the coefficient of
determination (R2), and the absolute error of each adjusted model, considering the age (i),
body weight (m) and pigs’ housing period (t). It is important to refer that the adjustment
of the asymptotic models was made by a simplified mathematical model approach once
the data used corresponded to the daily measures of water disappearance and manure
production organized into weekly average data.

The displayed values showed that for growing–finishing phase, the Logistic non-linear
model was the one that best fitted the means of both variables evaluated, considering the
age (i), body weight (m), and pigs’ housing period (manure disappearance: Tables 1–3;
manure production: Tables 4–6).
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Table 1. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of water disappearance
in the growing–finishing phase, according to the pigs’ age.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 9.871 3.487 0.031 −4.33 0.984 0.13
2 9.756 0.038 52.599 −7.41 0.987 0.12
3 9.682 15.434 0.045 −10.00 0.989 0.11
4 9.759 0.007 0.038 −7.40 0.987 0.12
5 9.792 1.888 0.035 −6.42 0.986 0.13

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).

Table 2. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of water disappearance
in the growing–finishing phase, according to the pigs’ body weight.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 9.860 1.158 0.035 −4.87 0.985 0.13
2 9.751 0.044 14.181 −7.88 0.988 0.12
3 9.676 3.031 0.052 −10.38 0.989 0.11
4 9.751 0.002 0.044 −7.88 0.988 0.12
5 9.782 0.527 0.041 −6.92 0.987 0.12

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).

Table 3. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of water disappearance
in the growing–finishing phase, according to the pigs’ housing period.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 9.988 0.524 0.028 −6.04 0.987 0.12
2 9.834 0.035 −10.01 −10.24 0.990 0.10
3 9.730 0.963 0.043 −14.16 0.992 0.09
4 9.834 0.001 0.035 −10.24 0.813 0.52
5 9.878 0.212 0.033 −8.86 0.989 0.11

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).

Table 4. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of manure production
in the growing–finishing phase, according to the pigs’ age.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 5.339 6.115 0.037 −30.54 0.993 0.05
2 5.276 0.047 59.611 −35.26 0.995 0.05
3 5.234 44.033 0.057 −36.35 0.995 0.04
4 5.276 0.016 0.047 −35.26 0.995 0.05
5 5.294 3.860 0.043 −34.03 0.994 0.05

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).
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Table 5. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of manure production
in the growing–finishing phase, according to the pigs’ body weight.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 5.332 1.626 0.043 −31.40 0.993 0.05
2 5.271 0.054 20,279 −35.81 0.995 0.04
3 5.230 5.675 0.066 −36.44 0.995 0.04
4 5.271 0.003 0.054 −35.81 0.995 0,04
5 5.288 0.810 0.050 −34.71 0.995 0.05

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).

Table 6. Estimated biological parameters, values of Akaike’s information criterion (AIC), coefficient
of determination, and absolute error of the adjusted models for the estimation of manure production
in the growing–finishing phase, according to the pigs’ housing period.

Non-Linear Models †
Parameters

AIC R2 Error ‡
a b c

1 5.361 0.602 0.033 −24.36 0.990 0.06
2 5.283 0.043 −3.526 −31.53 0.994 0.05
3 5.232 1.258 0.053 −37.83 0.996 0.04
4 5.283 0.001 0.043 −31.52 0.994 0.05
5 5.305 0.254 0.040 −29.15 0.993 0.05

† 1: Brody; 2: Gompertz; 3: Logistic; 4: Richards (v = 1000); 5: Von Bertalanffy; ‡ Absolute error estimation
(L/pig/day).

When compared to the other adjusted asymptotic models, by a simplified mathemat-
ical model approach, although the Logistic has exhibited a coefficient of determination
very similar for each variable evaluated, this model systematically presented the lowest
value for Akaike´s information criterion (AIC), as well as the lowest estimation errors
(water disappearance: absolute error ranging between 0.09 to 0.11 L/pig/day and relative
ranging between 1.11 to 1.32%; manure production: absolute error ranging between 0.04
to 0.09 L/pig/day and relative ranging between 1.04 to 1.26%). The results obtained in
Step 2, when compared to the values determined in Step 1 [14], showed greater robustness
and confidence in the adjustment of the curves that best describe the evolution of both
water disappearance and manure production (increased accuracy of the fitted model with a
consequent reduction in the estimation errors).

As mentioned previously, given the similarity of the results obtained, Figures 2–4
exhibit, for a better understanding of the results, the Logistic model adjustments to the
means, in terms of: (a) water disappearance and (b) manure production, respectively,
considering the age (i), body weight (m), and housing period (t) at growing–finishing
physiological phase of pig production chain.

According to the results presented the Logistic non-linear model was the one that
best fitted the mean data of water disappearance and manure production on the cycles
evaluated. The equations obtained for estimation of the parameters under evaluation,
allow the producer to create mechanisms to monitor and review the progress with an
instantaneous measurement device, to effectively control in real time what happens in
commercial pig farms, for both parameters, by plotting daily measures and comparing them
with the best-estimated curves. If any abnormality is detected either in the volume of water
consumed or in the volume of manure produced, the device will release warnings indicating
possible causes for the deviation from the values recorded (early warning systems).
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Figure 2. Adjustment of the non-linear Logistic model to the weekly means data considering the pigs’
age for the growing–finishing phase: (a) Water disappearance; (b) Manure production.

Figure 3. Adjustment of the non-linear Logistic model to the weekly means data considering the pigs’
body weight for the growing–finishing phase: (a) Water disappearance; (b) Manure production.

Figure 4. Adjustment of the non-linear Logistic model to the weekly means data considering the pigs’
housing period for the growing–finishing phase: (a) Water disappearance; (b) Manure production.
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The knowledge of the daily water disappearance and respective manure production
by pigs, in each production cycle, according to physiological phase, is essential to develop
drinking patterns, for example, since it can be used as an early indicator of diseases [25],
unwanted events [26], or as a decision tool for managing groups of growing pigs [27].
Additionally, when poorly managed, both parameters can develop significant negative
environmental impacts (water as a finite natural resource and the manure due to the impact
that it has on the natural receptor environment, when incorrectly discharged) [1].

4. Conclusions

The Logistic non-linear model was found to be the one that best fitted the mean data of
water disappearance and manure production in growing–finishing commercial pig farms
with body weight between 25 and 120 kg, located in the west of Santa Catarina state in
southern Brazil. The equations obtained for estimation of the parameters under evalua-
tion, showed that it is possible to estimate water disappearance and manure production
with a simplified model approach, using asymptotic non-linear models allowing for the
development of instantaneous measurement devices to help the producer to visualize both
water consumption and slurry production of pigs by plotting daily points and compare
them with the best-estimated curves. The results for the logistic model showed greater
robustness and confidence, always presenting the lowest value for Akaike´s Information
Criterion (AIC), as well as the lowest estimation errors (water disappearance: absolute
error ranging between 0.09 to 0.11 L/pig/day and relative ranging between 1.11 to 1.32%;
manure production: absolute error ranging between 0.04 to 0.09 L/pig/day and relative
ranging between 1.04 to 1.26%.
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